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Introduction 


This report details work performed in the Ceramic Engineering Department of Clemson 
University over the period from May 1, 1996 to July 30, 1997 under Grant No. NAG-1-1301. 

The work described in this report covers the final year of a several-year program involving 
superconductors and ferroelectrics in space applications. Recent emphasis has been on the 
investigation of the stress-enhanced Rainbow and Cerambow benders as high displacement 
actuators. This report is presented in nine parts dealing with processing, characterization and 
externally published work. 

The Rainbow actuator technology is a relatively new materials development which had its 
beginning in 1992. It involves a new processing technique for preparing pre-stressed, high lead 
containing piezoelectric and electrostrictive ceramic materials. Ceramics fabricated by this method 
produce bending-mode actuator devices which possess several times more displacement and load 
bearing capacity that present-day benders; i.e., unimorphs and bimorphs. Since they can also be 
used in sensor applications. Rainbows are part of the family of materials known as smart ceramics. 
During this period, PLZT Rainbow ceramics were characterized with respect to (1) the formation of 
their distinctive curvature as it relates to their high temperature creep properties, (2) the grain size 
dependence of their nonlinear properties, (3) nonlinear piezoelectric behavior, (4) electrostrictive 
butterfly loops and (5) vibration control and noise suppression applications and (6) operational 
fatigue. 


The Cerambow development essentially comprises a pre-stressed structural composite for 
actuators and sensors consisting of a ferroelectric, piezoelectric, antiferroelectric or 
electrostrictive material and a metal or plastic substrate suitably bonded to one of the major 
surfaces such that the thermal expansion/contraction mismatch between the ceramic and 
substrate produces an internal stress which acts to amplify electromechanical displacement and 
to increase its load-bearing capability. Termed a Cerambow (CERAMic Biased Oxide Wafer), 
this composite actuator structure is fabricated by bonding together a ceramic wafer and a 
substrate at an elevated temperature of approximately 250 to 300°C and allowed to cool to room 
temperature. The resulting internal stresses produced from the thermal contraction mismatch 
and any domain reorientation effects act to deform the originally planar wafer into a dome or 
curved structure which is similar in characteristics and operation to a Rainbow device. Like a 
Rainbow, this pre-stressed composite has amplified displacement and greater than normal load 
bearing capability. Results on the characterization of Cerambows and their comparison to 
Rainbows as actuators are included in this report. In general, the Cerambow has proven to be a 
viable strain-amplification device for piezoelectric applications, producing displacements of 
approximately 75% of Rainbow elements of similar dimensions. 

Results from the study on fatigue in Rainbow and Cerambow actuators show that these high 
displacement actuators have definite fatigue rates and lifetimes depending upon (1) the amount of 
displacement generated, (2) how hard they are driven electrically and (3) the microstructure (grain 
size) of the ceramic material. Lifetimes for some actuators were on the order of 10 7 cycles at near 
dc (1 Hz) frequencies while others still retained up to 74% of their displacement at 2.1 x 10 7 Hz. 
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Investigation of Curvature Formation in Rainbow Ceramics 


1. Introduction 

Recent studies of the Rainbow ceramic have demonstrated that this new device possesses 
great potential for stress sensing and actuation applications [1-4]. Many of the peculiar features 
and properties of Rainbow ceramics have been found to be closely related to the unique 
technique of the Rainbow process which involves local chemical reduction of a 
high-lead-containing piezoelectric or electrostrictive ceramic wafer at an elevated temperature. 
Such a process leads to a dome-shaped structure when the Rainbow is cooled to room 
temperature. A large physical displacement can be produced in the axial direction of a Rainbow 
when a voltage is applied across its unreduced layer. Because of the dome shape and the 
accompanying internal stress, Rainbows are capable of sustaining a load or pressure much larger 
than normal. Furthermore, when made from a piezoelectric composition, these devices can also 
be utilized for detection and measurement of external stresses or forces. Stress-sensing 
sensitivities of over two orders of magnitude greater than the unreduced ceramic of the same 
composition have been obtained from the Rainbows operated in the dome mode [5]. 

Generally, the occurrence of the dome curvature for a Rainbow can be regarded as a 
consequence of the dimensional mismatch between the unreduced and reduced layers created 
during the chemical reduction process, although detailed mechanisms are much more complex. 
Three major contributors to the curvature onset have been proposed in the previous 
investigations. They are: (1) volume change in the reduced region imposed by the reduction 
process, (2) difference in thermal expansion coefficients of the unreduced and reduced layers, 
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and (3) dimensional change caused by the phase transition at the Curie temperature. The extent 
of the curvature of a Rainbow can be simply represented by its dome height which is measured 
as the height of the domed structure relative to the edge. The magnitude of the dome height for a 
given Rainbow sample is dependent on the original oxide composition, sample dimensions and 
the ratio of the reduced thickness to the total thickness (thickness ratio). 

The mechanisms mentioned above for the curvature formation were derived on the basis 
of the experimental observations of the curvature development during the Rainbow processing. 
No quantitative evaluations have yet been carried out as for the relative magnitude of each 
contribution and the influence of sample composition and reduction conditions on it. In addition, 
possible effects on the curvature formation of high-temperature creep occurring during the 
reduction process has not been considered. Given the high internal stress deduced from the 
magnitude of the curvature, creep may have a marked impact on the curvature development. 
Moreover, in a few unusual cases, a spontaneous reversal of the curvature from a positive value 
(reduced side concave), which is normally seen for a ferroelectric composition, to a negative 
value was observed. It is worthwhile mentioning that the curvature for an antiferroeletric 
composition usually exhibits a negative value [4]. 

The current work was aimed to achieve a more thorough understanding of some of the 
issues relevant to the formation and change of the domed structure of the Rainbow ceramic. 
These issues are concerned with the effect of high-temperature creep, the relative magnitude of 
each mechanism for the curvature formation, and the spontaneous curvature reversal. 

2. Sample Preparation 
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A number of compositions from the PLZT systems were chosen, which include PLZT 
1.0/53/47, 5.5/56/44, and 9.5/65/35. Conventional mixed-oxide processing techniques were 
employed to prepare the sample powders, which were sintered in an oxygen atmosphere or by 
hot-pressing. Details of the preparation procedure were reported elsewhere [1], The sintered 
sample slugs were sliced into wafers or strips of different dimensions. The ceramic wafers were 
then chemically reduced to obtain the Rainbow samples via the standard Rainbow processing 
route. Some of the samples were fully reduced for the determination of creep characteristics in 
the reduced layer. Commercial PZT-based ceramics were also used to produce some of the 
specimens. 

3. Experimental Results and Discussion 

3. 1 Effect of High-Temperature Creep on Rainbow Curvature 

In order to assess the possible influence of high-temperature creep on the evolution of 
Rainbow’s domed structure, creep characteristics of both unreduced and fully reduced samples 
were examined and analyzed. Strip-shaped samples with dimensions of 25x5x0.5 mm were 
tailored from the unreduced and fully reduced wafers. These samples were placed across two 
zirconia setters on a refractory plate with a separation of 20 mm, as is depicted schematically in 
Figure 1 . The assembly was introduced into a furnace and the samples were thermally treated 
under the same conditions as those used in the Rainbow processing (e.g., 975 °C for 60-120 
minutes). For the fully reduced samples an inert atmosphere with flowing argon gas was 
maintained to minimize the reoxidation that otherwise would completely reoxide the sample if 
testing were carried out in air. This thermal treatment lead to a permanent bending deformation 
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of the samples as a result of the high-temperature creep driven by the sample’s self-weight. In 
some test cases, an alumina ball of 5.5 grams was placed on the samples, as shown in Figure 
1(b), to enhance the creep process. After cooling down to room temperature, the bending 
deflection in the middle of a sample was measured on a setup equipped with an LVDT. 

Table 1 displays the data of creep-induced bending deflection divided by the thickness of 
the sample. Without external loading the bending deflection was only a few percent of the 
thickness for all the unreduced samples tested. The deflection value for PLZT 5.5/56/44 was 
approximately twice as large as those for PLZT 1.0/53/47 and PLZT 9.5/65/35. Dramatic 
increase in the bending occurred when a load of merely 5.5 grams was applied to the samples 
during test. In this case, the bending deflection for sample PLZT 5.5/56/44 was found to be 
more than three times of its thickness. Meanwhile, the difference in the deflection magnitude 
between PLZT 5.5/56/44 and the other two compositions became much more appreciable. It is 
clear from these results that the unreduced PLZT 5.5/56/44 has a much stronger creep effect than 
PLZT 1.0/53/47 and PLZT 9.5/65/35. The creep characteristics for the fully reduced samples, 
however, were very similar regardless of the original PLZT compositions, as is clearly shown in 
the table. This is not surprising since the microstructure and composition in the reduced samples, 
as indicated in our previous work, are very similar for a wide range of PLZT compositions. 
Table 1 also shows the dependence of the creep-generated bending deflection with temperature. 
An accelerated increase of creep with increasing temperature was observed. 

Generally speaking, the high-temperature creep in the PLZT oxide layer of a Rainbow 
tends to undermine the Rainbow’s curvature by adapting a shape that effectively releases the 
dimensional mismatch between the unreduced and the reduced regions and consequently reduce 
the internal stress. The same process is also expected to happen in the reduced layer which 
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should be more pronounced since the reduced layer contains a great deal of metallic lead phase. 
On quite contrary to these expectations, experiments showed that the Rainbow samples made of 
PLZT 5.5/56/44, which has a much stronger creep effect suggested in the above analyses, 
exhibited a larger dome curvature than those Rainbow samples produced from PLZT 1 .0/53/47 
and PLZT 9.5/65/35. In addition, no noticeable influence of creep in the reduced layer on the 
curvature could be deduced from these experiments. 

To further explore any effect of high-temperature creep on the curvature development, the 
reduced layer of several Rainbow samples made from these compositions was carefully removed 
using sandpaper, and the curvature of the remaining oxide layer was determined. It was found 
that for samples made from compositions 5.5/53/47 and 9.5/65/35 the oxide layers straightened 
out almost completely to its original flat state after removal of the reduced region, while for 
composition 1.0/53/47 a small curvature was retained on the oxide layer. The latter was 
considered to result from the preferential domain alignment created by the initial internal stress, 
which has been confirmed by the fact that the retained curvature disappeared after heating the 
sample slightly over its Curie point. This result appears to further suggest that no significant 
effect of creep was present during the Rainbow process. 

The unexpectedly insignificant influence of creep on the curvature formation seems 
difficult to perceive considering the high levels of the internal stress. A possible explanation 
may be related to the fact that the Rainbow process involves dynamic creep behavior which 
probably can not be interpreted solely on the basis of the steady state creep characteristics. A 
better understanding of this phenomenon apparently demands further experimental efforts. 

3.2 Development of Domed Configuration during Rainbow Processing 
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An investigation of the evolution of the dome-shaped configuration in Rainbow ceramics 
should be of help to understand the reduction kinetics involved as well as to obtain deep insights 
into the mechanisms responsible for the curvature occurrence. To this end, the curvature of 
Rainbow samples with different compositions was monitored during the cool down step and their 
dome height was determined in situ with the help of a setup depicted schematically in Figure 2. 
In this experiment, a sample wafer was reduced at an elevated temperature for 1-3 hours via the 
standard process procedure. The sample together with the graphite block and the protecting 
zirconia disk was pulled out of the furnace and placed on a refractory brick. A thermocouple was 
immediately inserted into the carbon block through a hole in another zirconia disk next to the 
Rainbow sample. Two alumina rods that each terminated with a dial micrometer were positioned 
to the respective zirconia disks on the carbon block. This arrangement was designed to ensure 
that the recorded temperature closely represents the actual temperature on the Rainbow sample 
being measured. The change of the dome height with temperature during cooling was 
determined from the difference in the readings of the two micrometers. In a similar setup, two 
samples with different compositions were chemically reduced on the same carbon block and a 
series of pictures were taken as the sample temperature dropped. 

Figure 3 shows the variation of the dome height with temperature during the cool down 
step for a number of Rainbow samples having different compositions. The designations for 
RBI 05 3 HP and RBI 053 S denote Rainbow samples made from wafers prepared by hot-pressing 
and sintering routes, respectively. The main difference between them is that the hot-pressed 
wafers have a higher density (close to the theoretical density) than that of the sintered wafers 
(about 96% the theoretical). As shown in Figure 3, the RB1053S sample showed no noticeable 
curvature at the reduction temperature and remained fairly flat until a temperature close to the 
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Curie point, which was approximately 350°C for this composition, was reached. Significant 
curvature began to develop as the sample underwent a phase transition. The curvature continued 
to grow gradually as the sample temperature steadily dropped to room temperature. A very 
similar behavior was observed for sample RB1053HP, except in this case that a small curvature 
was already present before cooling. 

Unlike composition 1.0/53/47, RB5556S and RB9565S showed a significant curvature 
before the cool down process. There were only slight changes in the dome height as these 
samples cooled down to room temperature. The relatively sudden increase of the dome height 
for RB5556S at around 200°C was attributed to the paraelectric to ferroelectric phase transition. 
No such change, however, was observed for RB9565S because of the relaxor nature of this 
composition which leads to a diffuse phase transition. Using the results in Figure 3, the relative 
contributions of three mechanisms mentioned in the Introduction can be estimated quantitatively. 
Taking RBI 053 HP as an example, the data were replotted in Figure 4, with two dashed lines 
drawn across the figure to make intercepts at the vertical axis. Of these two lines, the horizontal 
one indicates the portion of the dome height developed at the reduction temperature, and the 
other line shows the average slope of the curve excluding the effect of the phase transition. 
Clearly, the three sections of the dome height created by the intercepts, as is shown in Figure 4, 
correspond to the three different contributions, namely the volume change in the reduced layer, 
the difference in thermal expansion coefficients between the oxide and reduced layers, and the 
dimensional change at the Curie point. 

The relative contribution of each mechanism for those samples shown in Figure 3 was 
determined with the aforementioned method and the results are given in Table 2. As can be seen. 
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the volume change due to the reduction process was dominant for RB5556 and RB9565 samples 
whereas for RBI 053 samples the curvature was mainly caused by the dimensional change at the 
phase transition. 

Pictures in Figures 5 and 6 display changes of the curvature with temperature for a 
number of Rainbow samples during the cool down process. The significant dome height at the 
reduction temperature and the curvature change near the Curie point were clearly evident in these 
figures. It is worth mentioning that in a similar experiment where a sample of composition 
1.0/54/47 was reduced for a much longer time, e.g. 180 minutes, an appreciable curvature was 
also observed at the reduction temperature. This suggests that the contribution to the curvature 
formation also depends on the reduction conditions. 

3.3 Spontaneous Curvature Reversal 

In a few unusual situations. Rainbow samples were found to change spontaneously from 
its initial curvature with a concave reduced side to a curvature with a convex reduced side. In 
other words, the curvature is gradually reversed without external influences in these samples. It 
was found that this curvature reserval process proceeded very slowly. It usually took more than a 
year for the curvature to become totally reversed. At the present time this phenomenon was 
exclusively seen in the Rainbow samples made from PZT-based ceramics. It is apparent that an 
understanding of this behavior of Rainbow ceramics is vital for long-term use of this new device. 

At the first glance, the curvature reversal process seems running against the minimum 
energy principle of a system. It would be more perceivable if the curvature change ceases when 
the sample becomes flat. The spontaneous curvature reversal may result from a spontaneous 
dimensional change of either the oxide layer or reduced layer, or both. But careful examinations 
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revealed that the reduced regions were most likely to be expanding. Given the fact that the 
curvature reversal was very significant in the samples that exhibited such an effect, the reversal 
process must involve occurrence of new phase(s) and/or structural transformation of the initial 
phases into the phases with a larger unit cell volume. With this consideration, focus was first 
placed on the possibility of any compositional and structural changes in the reduced layer as time 
passes. 

Figure 7 shows the X-ray diffraction spectra of the Rainbow samples in which the 
spontaneous curvature reversal was observed. In this figure, the PZT Rainbow samples were 
made from wafers provided by a commercial company. The exact composition for them was not 
clear. The PLZT Rainbow sample was obtained from hot-pressed wafers of composition 
1.0/53/47, which can also be regarded as a PZT-based composition. A strong peak in the X-ray 
diffraction spectrum of the PLZT Rainbow, which corresponds to Pb 2 0 3 , was discovered. This 
same peak was either very weak or simply did not exist for the Rainbows of the same 
composition that show no tendency of a spontaneous curvature reversal. Similarly, the X-ray 
diffraction peaks of Pb 2 0 3 were observed in the PZT Rainbow samples as shown in Figure 7. 
Based on these findings, it was speculated that the gradual inversion of the curvature may 
originate from the slow transformation of the PbO phases (lithorge and masscot) to Pb 2 0 3 in the 
help of ambient oxygen. This appears reasonable since the latter has a larger unit cell volume 
than the former [6]. It should be noted that the relative intensity of the peaks in the X-ray 
patterns displayed in Figure 7 is not necessarily proportional to the amount of the phase that they 
refer to. In addition to the phase content, the peak intensity also depends heavily on some other 
factors such as sample surface states and grain sizes. For this reason, the phase content generally 
can not be derived on the basis of the peak intensities. 


9 



Similar X-ray diffraction analyses were carried out on the oxide layer of the Rainbow 
samples that exhibited a curvature reversal and on the unreduced samples of the same 
composition. The results are displayed in Figure 8, which indicate from the same X-ray patterns 
of the two cases that no structural change and/or phase transformation have occurred in the oxide 
layer. 

The above speculation on the possible origin of the spontaneous curvature reversal needs 
to be confirmed by careful quantitative analysis of the relative concentration of each phase as a 
function of time. Moreover, other mechanisms are also possible, which include, for example, 
gradual decomposition of an existing phase into other existing phases (e.g., ZrTi0 4 into Ti0 2 and 
Zr0 2 ), since such a process will not be revealed from the conventional X-ray spectrum. The 
spontaneous curvature reversal has never been observed in PLZT Rainbow samples with a 
lanthanum concentration greater 2 atm%. It is interesting to note that a slight increase in the 
lanthanum content has such a profound impact on the curvature reversal phenomenon. Further 
work is required for a clearer picture of this issue. 

4. Summary and Conclusions 

Several issues associated with the onset and development of the unique domed structure 
of the Rainbow ceramic have been investigated using samples made from a number of different 
PLZT compositions and commercial PZT ceramics with intent to obtain a more thorough 
understanding of the factors that influence the magnitude and sign of the dome curvature. It 
appears that the effect of the high-temperature creep on the curvature is insignificant based on the 
creep characteristics determined from the reduced and unreduced samples of a series of 
compositions. The major contributors to the curvature formation are those proposed in our 
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previous work, which are the volume change in the reduced layer, the thermal expansion 
mismatch between the unreduced and reduced layers, and the dimensional change at the Curie 
point. It was found that the relative magnitude of each contribution to the curvature depends 
strongly on the composition of the unreduced wafer in addition to the reduction conditions. For 
PLZT 1.0/53/47 wafers, the curvature is predominantly determined by the dimensional change at 
the Curie temperature. This contribution decreases drastically with increasing lanthanum 
content. On the other hand, the contribution from the volume change in the reduced layer 
becomes increasingly dominant as the La content increases. The contribution from the mismatch 
in the thermal expansion coefficients between the unreduced and reduced layers account for an 
approximately equal amount for compositions PLZT 5.5/56/44 and PLZT 9.5/65/35, while that 
for PLZT 1.0/53/47 is insignificant. 

The mechanism underlying the spontaneous curvature reversal has not been fully 
established, although efforts have been made in this study to identify the formation of any new 
phases which were considered to be most likely the origin of this unusual phenomenon. An extra 
peak corresponding to Pb 2 0 3 was found in the X-ray spectra of the reduced layer of the Rainbow 
samples exhibiting the curvature reversal. The presence of this new phase is probably associated 
with the spontaneous curvature reversal in these samples. But careful quantitative analyses are 
needed before any solid conclusion can be drawn on this issue. 
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Table 1. Creep-induced bending deflection divided by sample thickness obtained under different 
temperatures and load conditions (data are given in percentage). 


r 


Unreduced Sample 

Chemically Reduced 


With Load 

Without Load 

Without Load 


975°C 

950°C 975°C 1000°C 

975°C 

PLZT 1.0/53/47 

28.9 

2.1 

2.4 3.5 

6.2 

PLZT 5.5/56/44 

309.6 

5.0 

6.0 7.7 

4.8 

| PLZT 9.5/65/35 

24.6 

2.8 

3.1 3.8 

6.6 


Sample dimensions = 25x5 x0.5 mm; load = 5.5 grams. 


Table 2. Relative contribution of three different mechanisms for the curvature formation. 


Sample 

Volume Change in the 
Reduced Layer. 

Thermal Expansion 
Mismatch 

Phase Transition at 1 
the Curie Point 

RB1053HP 

11% 

15% 

74% 

RB1053S 

0% 

3% 

97% 

RB5556S 

67% 

14% 

19% 

RB9565S 

77% 

15% 

8% 


Sample dimensions: 3 1 .75x0.675 mm; Reduction conditions: 975°C for 90 minutes. 
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(a) (b) 


Figure 1. Schematic diagram of setup for determination of the creep characteristics 
of unreduced and reduced ceramics. 



Figure 2. Schematic of measuring setup for temperature dependence of dome height. 
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Figure 3. Change of the dome curvature with temperature during the cool down step. 
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Figure 4. Relative contribution of each mechanism to the curvature formation 
derived from the variation of the dome height with temperature for RBI 053HP. 
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Figure 5. Photo pictures showing the curvature development of RB1053S and RB5556S samples at different 
temperatures during the cool down step. 


PLZT1 .0/53/47HP PLZT 9.5/65/35 



Figure 6. Photo pictures showing the curvature development of RB1053HP and RB9565S samples at different 
temperatures during the cool down step. 
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Figure 7. X-ray diffraction patterns of the reduced layer for PZT and PLZT 1/53/47 Rainbow samples that show 
spontaneous curvature reversal. The diffraction patterns were obtained at different times after the sample was made. 




Figure 8. X-ray diffraction patterns of the unreduced layer for the PZT Rainbow samples showing spontaneous 
curvature reversal. 
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Abstract 


Dielectric nonlinear behavior was investigated for 1/53/47 PLZT ceramics with 
different grain sizes. Different grain sizes were achieved by employing various sintering 
conditions. By measuring the dielectric constant as a function of ac electric field at various 
temperatures and frequencies, it was found that the dielectric nonlinearity was affected by 
grain size, i.e. the samples having larger grains showed a higher degree of dielectric 
nonlinearity. In addition, the dielectric nonlinearity was found to be influenced 
substantially by the frequency of applied field and sample temperature. Analysis of x-ray 
diffraction along with other experimental results indicates that a variation of 90° domain 
wall contribution is the main cause of the variation of dielectric nonlinearity. 

Introduction 

Nonlinear behavior of ferroelectric ceramics has been studied over many decades 
in association with their practical application. [1-3] As a terminology, nonlinearity means 
that material properties such as permittivity and piezoelectric constants vary as a function 
of applied electric field or stress. In ferroelectric ceramics, the piezoelectric and dielectric 
constants are commonly observed to increase with an increase of the applied field . [1] This 
nonlinearity becomes more significant as driving field increases. In this nonlinear region, 
the constitutive equations which are applicable at low fields may no longer be applicable, 
and thus the nonlinearity becomes one of the limiting factors for proper design of 
ferroelectric devices. Therefore, further information and more fundamental treatment of 



the nonlinear behavior is required for the proper application of ferroelectric ceramic 
materials. 

The dielectric nonlinearity of ferroelectric ceramics can be described by 
incremental changes in permittivity which is induced by electric field. This increment of 
permittivity begins to increase when the applied electric field exceeds a certain value. [4] 
Although, the nonlinear behavior of dielectric properties can be generally observed in most 
ferroelectric ceramics, the quantitative incremental change of dielectric constant was found 
to be strongly dependent upon composition. [5,6] For example, the increase of dielectric 
constants measured from PZT-4, -5, and -8 under elevated electric field were quite 
different. [1] In case of the soft PZT-5, the dielectric constant increased faster than those 
of the other compositions. 

It is known that the dielectric nonlinear behavior of ferroelectric ceramics is 
affected by factors such as sample temperature, frequency of applied field, and stress 
conditions. [1,7, 8] Experimental results showed that the degree of dielectric nonlinearity of 
PZT-5 increased as temperature increased, provided the temperature is below the Curie 
point. [1]. The effect of frequency on nonlinear behavior can be found from several 
experimental results. [7,8] It was reported that nonlinear behavior was observed at all 
frequencies when a large electric field was applied to the ferroelectric samples. In addition, 
the dielectric nonlinearity became less appreciable at high frequencies. These described 
experimental results were considered to indicate the dependency of dielectric nonlinearity 
on sample temperature and frequency of electric field. 

The theory which could predict the nonlinear behavior of ferroelectric ceramics has 
not yet been developed. However, according to present experimental results, [1,6,8] 90° 



domain wall motion is commonly considered to be the main cause of the nonlinear 
phenomenon in ferroelectric ceramics. Arlt et.al. proposed the theoretical model which 
explained the nonlinear variation of permittivity on the basis of movement of 90° domain 
walls. [9] In their model, they suggested that the additional switching of 90° domain walls 
induces the change of polarization and strain. Recently, several studies investigated the 
domain wall contribution by employing x-ray techniques and analyzing hysteresis 
loops. [4,7] In their investigation, the x-ray peak intensities of the (002) and (200) planes 
were measured under elevated electric fields. It was reported that the peak intensity ratio 
between the (002) and (200) planes increased with an increase of electric field. This result 
was accepted as evidence of 90° domain activity. 

Material properties of ferroelectric ceramics are influenced by microstructure as 
well as composition. Previous studies regarding the effect of grain size showed that 
material properties such as remanent polarization (Pr), coercive field (Ec), and Curie point 
(Tc) vary as a function of grain size. [10,11] Dielectric constants measured on BaTiOj 
having various grain sizes exhibited a maximum at a grain size of around 1 pm. [12] This 
variation of dielectric constant as a function of grain size was explained on the basis of the 
variation of the internal stress and formation of domain structure which was considered to 
depend on grain size. [12, 13] 

This study focused on the effect of grain size on the nonlinear dielectric behavior 
of ferroelectric ceramics. Although many studies have been performed to investigate 
effects of grain size on the material properties at low electric field, only limited studies has 
been reported regarding the effect of grain size on nonlinear behavior which occurs at high 
electric field. In this study, the composition 1/53/47 PLZT, which has a ferroelectric 



phase, was selected. Dielectric constants were measured from the samples having various 
grain sizes as a function of ac electric field at different temperatures and frequencies To 
analyze the contribution of 90° domains on the dielectric nonlinear behavior, XRD 
techniques were employed to show the variation of the peak intensities of the (002) and 
(200) planes. These 90° domains were considered to the main cause of the dielectric 
nonlinearity. 

Experimental 

PLZT 1/53/47 ceramics having different grain sizes were prepared in order to 
investigate the effect of grain size on the dielectric nonlinearity in ferroelectric ceramics. 
Samples were prepared employing the conventional mixed-oxide method. Appropriate 
amounts of PbO, La 2 0 3 , Zr0 2 , and Ti0 2 powders were weighed out, calcined at 925 °C 
and ground using a ball mill and distilled water as a grinding media. The prepared powder 
was pressed in a cylindrical die and sintered in an electric furnace. In order to obtain 
various grain sizes, the sintering temperature and time were controlled in the range of 
1 150 - 1250 °C and 5-15 hrs, respectively. 

Because the material properties of PLZT ceramics may be influenced by the 
density of samples which, in turn, depend on the sintering conditions, an effort was made 
to control the grain size of the samples without a serious variation of density. To obtain 
high density samples, a setting powder (1:1 mixture of PbO and Zr0 2 powder) and oxygen 
atmosphere were used during the sintering process. [9] Table 1 shows the density and grain 
sizes of the samples prepared under various conditions. As shown in Table 1, the samples 



with different grain sizes were fabricated without serious loss of the density, thus the 
obtained results could be considered to be primarily due to grain size. The grain sizes of 
the prepared samples were measured using the line intercept method. For better accuracy, 
the average value determined from 10 measurements was accepted as the grain size of the 
sample. 

The dielectric constants of the samples having different grain sizes were measured 
as a function of ac field in order to investigate the effect of grain size on nonlinear 
dielectric behavior. With increasing ac electric field, the variation of dielectric constant 
was measured using an LCR meter (HP 4284A) An ac electric field of up to 400 v/cm 
was applied at a frequency of 1 kHz. Because the dielectric nonlinearity can be affected by 
the temperature of the sample which may increase under high electric field, the 
measurements were carried out in an oil bath to keep the sample temperature constant. 

The effects of sample temperature and frequency of applied field, which were 
known to influence to the dielectric nonlinear behavior, were investigated by the 
determination of dielectric constants as a function of ac electric field at various samples 
temperatures and frequencies of the applied field. The investigated range of the frequency 
and temperature were 20 Hz - 10 kHz and 25 to 160 °C, respectively. 

As reported in previous studies, because the dielectric nonlinearity was considered 
to be related to a contribution of 90° domain wall, the x-ray peak intensity of (002) and 
(200) plane were investigated. The intensity ratios of the (002) and (200) planes were 
measured for the samples having various grain sizes at different dc electric fields (0 and 9 
kv/cm). The measured intensity ratios at two different conditions were plotted as a 
function of grain size. For analysis of the contribution of 90° domains to the dielectric 



nonlinearity, the variation of the ratios induced by an applied electric field were 
investigated as a function of grain size. 

Results and Discussion 

Fig. 1 shows the SEM microphotographs obtained from the samples sintered under 
various conditions. The grain size increased gradually with increasing sintering 
temperature and soaking time. As indicated in Table 1, the obtained grain sizes were in the 
range of 3 to 10 pm. Due to evaporation of PbO from the samples, the density decreased 
when the sintering continued for long times at high temperature. In this study, by using the 
setting powder and oxygen gas described in the experimental procedure, the various grain 
sizes were obtained without sacrifice of density. The relative density of the samples was 
kept over 96% of theoretical. 

To quantitatively evaluate the nonlinear dielectric properties, several parameters 
have been defined. These include; (1) change of dielectric constant (AK), (2) average 
change of dielectric constant with a change in applied field (AK/AE), and (3) threshold 
field (Et). The change of the dielectric constant (AK) was defined as the incremental 
difference of the dielectric constant induced by an applied electric field. As shown in Fig. 
2, the change of the dielectric constant became significant when the electric field was 
applied higher than a certain value. This electric field (threshold field, Et) was considered 
to be the starting point of the nonlinearity. As used in previous study, [4] the point where 
the dielectric constant increases by 2.5% was selected as the threshold electric field (Et). 
The average change of dielectric constant (AK/AE) was defined as the slope of the AK 



plotted as a function of ac electric field. Because the increment of dielectric constant 
becomes significant over the threshold field (Et), AK/AE values were calculated from a 
difference of the dielectric constant measured at threshold field and 400 v/cm, which can 
be described as 

AK _K(E = 400)- K(Et) 

A E~ 400 -Et 

where K(E = 400) and K(Et) are dielectric constants at E = 400 v/cm and Et, 
respectively. 

The change of dielectric constants (AK) which were measured from the poled 
samples having different grain sizes were plotted as a function of ac field in Fig. 2. The 
nonlinear dielectric behavior of PLZT ceramics is clearly evident. The increment was 
negligible when the field strength was low. However, an appreciable increment was 
obtained at elevated field strength. It is noted that the increment of dielectric constant was 
dependent on the grain size. For quantitative comparison of dielectric nonlinearity 
obtained from the samples having different grain sizes, the average change of dielectric 
constant (AK/AE) occurring at elevated ac field was plotted as a function of grain size in 
Fig. 3. As is shown in Fig. 3, the AK/AE increased with increasing grain size. The obtained 
results showed that the dielectric nonlinearity of the PLZT ceramics was influenced by 
grain size. 

The threshold field (Et), plotted as a function of grain size, is shown in Fig. 4 as 
another parameter for evaluation of the dielectric nonlinearity. As described, the values 
were obtained from the increment plot in Fig. 2 as the field strength where AK reaches 



2.5% of the dielectric constant at low field. Fig. 4 shows the threshold field plotted as a 
function of grain size at two different temperature conditions. The threshold field obtained 
from both conditions decreased as a function of increasing grain size. Combined with the 
results shown in Fig. 2, the decrease of Et was considered to imply that the samples 
having larger grains show higher dielectric nonlinearity. 

The experimental results obtained at various temperatures and frequencies show a 
substantial dependence of the dielectric nonlinearity on temperature and frequency. In 
addition, the dependence of dielectric nonlinearity on both factors was also observed to 
vary as a function of grain size The AK/AE was calculated from the plot of AK vs. ac 
electric field obtained at different temperatures. The tested temperatures were 25, 100, 
and 160 °C which were lower than the Curie temperature, thus the samples have 
ferroelectric phases. As shown in Fig. 5, the variations of the AK/AE were plotted as a 
function of the sample temperature which were obtained from several samples having 
different grain sizes. All of the samples showed an increase of the AK/AE values with an 
increase of temperature. This result indicated that the dielectric nonlinearity is enhanced 
with increasing temperature. In order to investigate the grain size effect, the variation of 
the AK/AE caused by the variation of the temperature was plotted as a function of grain 
size in Fig. 6. Each plot in Fig. 6 represents the difference of AK/AE caused by two 
different sample temperatures which are indicated on the plots. These plots show that the 
larger difference of AK/AE occurred in the samples having larger grains, when the sample 
temperatures increased. The obtained results imply that the influence of temperature on 
the dielectric nonlinearity was greater when the grain size was larger. 



To investigate the effect of frequency, the increment of dielectric constant (AK) 
was measured as a function of ac field at frequencies between 20 Hz and 10 kHz. The 
AK/AE was calculated from these measurements as a parameter for evaluation of the 
dielectric nonlinearity. As plotted in Fig 7, the AK/AE obtained from the samples having 
different grain sizes decreased as a function of frequency. It was observed that the slope of 
the AK/AE varied as a function of grain size. The difference of AK/AE induced by the 
variation of frequency increased with increase of grain size (Fig. 8). This result was also 
considered to show that the samples having the larger grains possess greater dependence 
of dielectric nonlinearity on the frequency of the applied electric field. 

The variation of Et shown in Fig. 4 is also considered to be evidence of the 
dependence of dielectric nonlinearity on the sample temperature. As plotted in Fig. 4, the 
threshold field (Et) values measured at two different temperatures gave different values. 
The Et was found to decrease as the sample temperature increased. These results are 
considered to be another evidence that the dielectric nonlinearity is substantially affected 
by sample temperature. In addition, the difference of Et measured at two different 
temperatures was observed to be greater with increasing grain size. It can be mentioned 
that the dependence of dielectric nonlinearity on the sample temperature was greater in the 
samples having larger grain. 

In poled ferroelectric ceramics, a significant amount of domains are aligned with 
the poling direction. The amount of alignment depends on the crystal structure. [14] This 
alignment process may be influenced by the microstructure, including grain size and 
porosity. When an electric field is applied to a poled sample, additional domain switching 
can be induced corresponding to the strength of the applied field. It is known that 90° 



domain switching causes variations of polarization and strain,[3] and the additional 
domain switching may cause variation of material properties of ferroelectric ceramics such 
as dielectric and piezoelectric constants. Therefore, the nonlinear behavior which is 
observed at high electric fields is considered to be associated with the contribution of 
domain switching occurring at high electric fields. 

The domain switching process under an applied field may be influenced by the 
temperature of the sample and frequency of the field. Because the switching of domains is 
related to the movement of atoms constituting the unit cell in response to the electric field, 
the switching process can be activated by additional thermal energy. Also, the response of 
a domain exhibits a time dependent characteristic which is usually called an electric 
relaxation. Due to this relaxation, the domain switching is influenced by the frequency of 
applied field. Consequently, the dielectric properties can vary as a function of temperature 
and frequency. 

The domain structure is considered to be configured in a manner to minimize strain 
energy induced during a phase transition from cubic to ferroelectric phases (tetragonal, 
rhombohedral) which occurs below the Curie temperature. It was reported that there were 
several types of energy related to the formation of a domain structure. [15] They were 
domain wall energy, elastic energy caused by deformation of grain, and grain boundary 
energy originating from mismatched configuration between grains. Therefore, 
characteristics of domains such as density and mobility of domain walls may vary as a 
function of grain size. When an electric field is applied to a ferroelectric ceramic, the 
response of the domains to an applied field may depend on the characteristics of the 



domains. Consequently, the domain switching process occurring at high applied field is 
considered to be affected by the grain size of samples. 

The effect of grain size on dielectric nonlinearity which is observed in these 
experiments are considered to be related to the different contribution of 90° domain walls. 
The experimental results plotted in Figs. 2, 3, and 4 show that the dielectric nonlinearity 
increases as a function of grain size. These are considered to be a result of increased 
contribution of the 90° domain with increasing grain size. 

The nonlinear dielectric behavior observed at various temperatures and frequencies 
is also explainable on the basis of domain wall contribution. The increase of nonlinearity at 
high temperatures (Figs. 4, 5 and 6) may be induced by the thermal activation of domain 
switching. The increase of nonlinearity in larger grain samples at high temperature (Fig. 6) 
can be explained as a result of the increased contribution of 90° domain walls. Regarding 
the effect of frequency, the decrease of nonlinearity shown in Fig. 7 is considered to be 
caused by domain relaxation. The variations of nonlinearity plotted as a function of grain 
size (Fig. 8) can be considered as additional evidence for the increase of the contribution 
of 90° domain walls with increasing grain size. 

Variation of 90° domain wall contribution could be detected by crystallographic 
investigations performed by using X-ray techniques. The obtained results show the 
evidence of 90° domain contribution to the dielectric nonlinear behavior of the samples 
having different grain sizes. Fig. 9 shows the peak intensity ratios of the (002) to (200) 
planes obtained from the poled samples having different grain sizes. As shown in Fig. 9 
(a), the ratio increased as a function of grain size at both bias conditions (bias free and 9 
kv/cm ). When the strength of the applied field is greater, the intensity ratio of the (002) to 



(200) planes was larger in every sample having a different grain size. As shown in Fig. 9 
(b), it is noticeable that the variation of the ratios between zero field and field applied 
increases with increasing grain size. This means that more 90° domain switching is induced 
in the samples having larger grains under an applied electric field. 

Conclusion 

The effect of grain size on dielectric nonlinearity was investigated in ferroelectric 
ceramics. For the investigation, 1/53/47 PLZT ceramics having different grain sizes were 
used. The grain size could be controlled in the range of 3.4 to 10 pm by changing sintering 
conditions. It was found that the dielectric nonlinearity increased gradually with increasing 
grain size. There was a substantial variation of dielectric nonlinearity according to the 
sample temperature and frequency of the applied field. Obtained results could be explained 
on the basis of the contribution of 90° domains which were induced at elevated electric 
field. A crystallographic investigation employing XRD techniques gave good evidence of 
the contribution of 90° domains to the obtained dielectric nonlinearity of the ferroelectric 
samples. In the samples having large grain size, the contribution of 90° domains was found 


to be enhanced. 
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Table 1. The density and grain size of PLZT samples fabricated at various sintering 
conditions. 
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FIGURE 2 Increase of dielectric constant as a function of ac electric field measured for 
samples having different grain sizes 



AK/AE (cm/v) 


0.40 


0.38 - 
0.36 - 
0.34 - 
0.32 - 
0.30 - 
0.28 - 

2 4 6 8 10 12 14 16 

Grain Size (jim) 



FIGURE 3 Variation of average change of dielectric constant (AK/AE) as a function of 
grain size 




FIGURE 4 The threshold fields as a function of grain size obtained under different 
measuring conditions 



AK/AE (cm/v) 



Temperature (°C) 


FIGURE 5 The AK/AE values measured at various temperatures on samples of different 
grain size 
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FIGURE 6 Difference of AK/AE caused by a variation of temperature ranges, obtained 
from samples having various grain sizes 



AK/AE (cm /v) 



FIGURE 7 The AK/AE values measured at various frequencies for samples of different 
grain size 
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FIGURE 8 Difference of AK/AE caused by a frequency variation of an applied ac field, 
obtained from the samples having various grain size 
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FIGURE 9 (a) X-ray peak intensity ratio of (002) to (200) plane 

(b) The difference of the peak intensity ratio obtained at bias free (0 kv/cm) 
and high bias field (9 kv/cm) 




Part III. 


Characterization of Nonlinear Piezoelectric Behavior of Rainbows 



CHARACTERIZATION OF NONLINEAR PIEZOELECTRIC 
BEHAVIOR OF RAINBOW CERAMICS 


Submitted by : Youngwoo Moon 
Gene Haertling, 


The Gilbert C. Robinson Department of Ceramic Engineering 

Clemson University 



1. Introduction 


Nonlinear behavior is commonly observed in ferroelectric ceramics when high 
electric field is applied. As a terminology, nonlinearity means that material properties 
such as dielectric and piezoelectric constants vary as a function of an applied electric 
field. In ferroelectric ceramics, linearity between components of stress and strain, 
dielectric field and displacement, and strain and electric field is limited to very low 
electric field. Most ferroelectric ceramics show significant nonlinearity with increasing 
electric field. In general, the dielectric and piezoelectric constants increase with 
increasing applied field. For the nonlinear behavior, the constitute equations are no longer 
valid. Considering that the piezoelectric devices are usually operated at high electric field, 
the nonlinear behavior becomes a limitation factor for proper design of ferroelectric 
devices. 

It has been considered that the nonlinear behavior originates from response of the 
ferroelectric domains to an applied electric field. According to Arlt et. al, the domain 
switching which is induced by an applied field results in variations of the dielectric and 
piezoelectric constants. Based on a theoretical model, they expressed these variations as 
linear functions of the movement of 90° domain wall. Recently the domain structure was 
investigated using X-ray diffraction techniques. The results showed evidence for domain 
wall contributions to nonlinear behavior. 

As is known, the Rainbow ceramic has a complicated internal stress pattern. The 
domain orientation of the oxide layer is critically affected by the nature of the internal 
stress. There are several papers published which refer to the formation of internal stress 



and its contribution to the field-induced displacement of Rainbow ceramics. In general, 
the internal stress is related to the curvature which is determined as a function of 
thickness ratio between the oxide and reduced layers. The piezoelectric performance also 
varys as a function of the thickness ratio so that is associated with the internal stress. 

Being associated with the domain switching process, the nonlinear behavior is 
subjected to stress applied to the piezoelectric samples. This study is concerned with the 
piezoelectric nonlinearity of the Rainbow ceramics. Owing to the high displacement with 
good load bearing capacity, the Rainbow ceramics are considered as promising 
piezoelectric devices for actuators and transducers. As pointed out in previous 
paragraphs, nonlinear phenomena are expected at the high electric fields where this 
device are usually operated. Therefore, an understanding of the nonlinearity is necessary 
to develop the Rainbow ceramics for proper applications. It is the main purpose of this 
research to investigate the variation of the piezoelectric nonlinear behavior for the 
Rainbow ceramics having various levels of internal stress. For analysis of the 
contribution of 90° domain switching, the intensities of (002) and (200) planes were 
observed from the X-ray diffraction patterns. 

2. Experimental Procedure 

2.1 Fabrication of the R ainbow Samples 

Selection of the experimental material was primarily concerned with ferroelectric 
ceramics which are easy to fabricate the Rainbow ceramics. As a proper material, 1/53/47 
PLZT ceramic was selected. This composition was used to fabricate the Rainbow 



ceramics with a good reliability in several researches. As reported, the Rainbow ceramics 
were fabricated employing the one side chemical reduction process using a graphite 
block. The reduction temperature was performed at 950 °C. Based on the fact that the 
internal stress is related to the curvature of the Rainbow samples, the curvature was 
controlled to obtain various condition of internal stress. The various curvature of the 
Rainbow samples were achieved by controlling the thickness ratio which was determined 
as a function of the reduction time. In this study, the thickness ratio was defined as the 
thickness of the reduced layer divided by the total thickness of Rainbow sample. 

2.2 Investigation of the Curvature Formation 

The curvature of the Rainbow ceramics is considered to depend on the 
dimensional changes which could occur during chemical reduction and cooling. For 
analysis of the curvature formation, the thermal expansion coefficients were measured for 
the PLZT ceramics and the reduced counterparts. The variation of dome height was 
directly measured as a function of temperature. 

Dilatometer was used for measurement of the thermal expansion coefficients of 
both phases. The PLZT ceramics were prepared in bar types (length: 2.5cm, width: 
0.6cm, thickness: 0.6cm). For the measurement of the reduced counterpart, the oxide 
sample was fully reduced. The measurements were performed with increasing 
temperature from room temperature to 950 °C, the temperature at which the Rainbow 
samples were fabricated. For accuracy, the rate of temperature increase was limited to 2 
°C/minute. 



Variations of the dome heights were directly measured. Fig. 1 illustrats the set up 
for the dome height measurement. After the reduction at 950 °C, the whole assembly was 
pulled out from the reduction furnace and placed on the dome height measurement 
system. During the cooling, dimensional changes occurred not only the dome height of 
the Rainbow samples but also the supporting system including graphite block and 
zirconia plates. To obtain variation of the dome height, the shrinkage of the supporting 
system was measured simultaneously with the measurement of the total variation. By 
compensating the total variation of shrinkage with the shrinkage of the supporting 
system, the variation of the dome height was obtained as a function of temperature. To 
obtain the true dome height plot as a function of temperature, the sample dome height 
was measured at room temperature and employed as a starting point of the plot of the 
dome height variation. 

2.3 Piezoelectric nonlinear behavior 

In Rainbow ceramics, the major displacement occurs in the axial direction for a 
given applied field. The axial displacement is the largest and most interesting for 
applications of the Rainbow ceramics. Hence, the piezoelectric nonlinear behavior was 
investigated for axial displacement. From poled Rainbow ceramics, the uniaxial 
displacements were measured with increasing electric field. As illustrated in Fig. 2, dc 
electric field was applied in the thickness direction. The response of the axial 
displacement was measured using an LVDT (Linear Variable Differential 
Transformation) made by Lucas Schaeritz Co. For analysis of the piezoelectric nonlinear 
behavior of the Rainbow ceramics, a newly defined parameter called “normalized 



displacement” was used. Fig. 3 shows the schematic diagram for the normalized 
displacement. As illustrated in Fig. 3, this parameter implies an average uniaxial 
displacement per unit applied field. This parameter can be expressed as 

D _ Uniaxial Displacement 
Nonn Applied ElectricField 

where D nortI1 represents the normalized displacement. The normalized displacement 
obtained from the Rainbow samples having various dome heights was plotted as a 
function of electric field. 

The contribution of 90° domain wall motion to the nonlinear behavior was 
investigated employing X-ray diffraction. These experiments were carried out using an 
X-ray diffractometer (Sintag XDS 2000™) with Ni-filtered Cu Ka radiation. The oxide 
side, which was exposed to x-ray, was electroded with aluminum for penetration of the x- 
ray beam. The intensity ratios of the (002) and (200) planes were measured for the 
samples at various electric fields applied in the thickness direction. To prevent electric 
discharge, a thin layer of silicon oil was spread over the sample surface. For accuracy of 
the measurement, the raw X-ray diffraction was fitted using statistical functions. In this 
experiment, the peak intensities were determined from the X-ray diffraction peaks fitted 
to a Gaussian function. 

3. Results and Discussion 


3.1 Curvature Formation 



The Rainbow fabrication process consists of two steps: the chemical reduction at 
high temperature and the cooling. During this process, the PLZT oxide experiences 
chemical decomposition and physical changes. As a result of chemical reduction, the 
reduced layer has quite different phases including several metal oxides (Ti0 2 , Zr0 2 , 
La 2 0 3 , etc.) and metallic lead. A dimensional change was accompanied the chemical 
decomposition. It was observed that the PLZT samples were dimensionally smaller after 
reduction. Table 1 shows shrinkages observed from several compositions of reduced 
PLZT samples. Depending on the composition, the observed shrinkages were different. 
They ranged from -0.2 to -0.5%. 

When the reduced samples were cooled down after the reduction, both the reduced 
and remaining oxide layer experienced thermal shrinkage. In addition, the oxide layer 
may have changed dimensionally during the ferroelectric phase transition at the Curie 
temperature. Based on measurements of thermal expansion, the dimensional change 
during cooling was investigated. Fig. 4 shows the linear thermal expansion plotted as a 
function of temperature for 1/53/47 PLZT oxide and its reduced sample. For the reduced 
sample, the thermal expansion was relatively linear from room temperature to the 
reducing temperature. The observed linear thermal expansion coefficient was about 
9.0x1 O' 6 /°C. However, the thermal expansion of the oxide sample varied significantly at 
the ferroelectric phase transition Curie point. Above the Curie point, the linear thermal 
expansion coefficient was 9.2x1 O' 6 /°C. In contrast, much less thermal expansion was 
observed from the ferroelectric phase below the Curie point. Due to the contribution of 
volume expansion which generally accompanied the phase transition, slight change of 



thermal expansion was observed just below the Curie point. For 1/53/47 PLZT ceramics, 
the average thermal expansion from room temperature to the Curie point was 4.3x1 O' 6 
/°C. 

Table 2 lists the linear thermal expansion coefficients measured from several 
compositions of the PLZT ceramics and their counterpart reduced samples. All of the 
investigated oxide samples were ferroelectrics, and thus they exhibited thermal behavior 
similar to the 1/53/47 sample. When the temperature decreased lower than the Curie 
point, the thermal expansion coefficients of the all oxide samples reduced significantly. 
As was known, the Curie temperature was dependent upon the composition of the PLZT 
samples. For the reduced samples, the thermal expansions were relatively linear in the 
whole temperature range. In Table 2, it should be noticed that below the Curie point the 
thermal expansion coefficients of the reduced samples were much higher than those of the 
oxide samples. Above the Curie point, the difference between both samples were 
observed not to be very appreciable. This results implies that the dimensional mismatch 
between the oxide layer and the reduced layer of a Rainbow ceramic is caused mostly 
below the Curie point. 

As discussed, several factors are considered to contribute to the occurrence of the 
dimensional differences. To investigate the contribution of each factor, variation of the 
dome heights were directly measured as a function of temperature. Fig. 5 shows the dome 
height of 1/53/47 PLZT Rainbow ceramics plotted as a function of temperature. The data 
were obtained from several Rainbow samples having different dome heights. In Fig. 5, it 
was found that a certain amount of dome height was created as a result of the chemical 



reduction. The created amounts were different according to the samples. Based on the 
reduction shrinkage listed in Table 1, these results are understandable. As expected from 
the thermal expansion measurements, the dome heights were constant until the samples 
were cooled down to the Curie point. Below the Curie point, an appreciable increase of 
the dome heights has observed. The obtained plots show good agreement with the results 
of the thermal expansion behavior. 

Similar experimental agreement was observed from the other compositions of 
PLZT ceramics. Fig. 6 illustrates variation of the dome height obtained from several 
different compositions. In the 5.5/56/44 PLZT Rainbow sample, a significant amount of 
dome height was created as a result of the high temperature reduction. This result may be 
associated with the relatively large reduction shrinkage of this composition shown in 
Table. 1. It can be observed that the temperature for initiation of the dome height increase 
gradually decreased with increasing La amount. This can be explained based on the 
variation of the Curie point as a function of the La amount which was used to describe the 
thermal expansion behavior in Table 2. 

The dome height of a Rainbow ceramic is a function of the thickness ratio of the 
two layers. Fig. 7 illustrates the variation of the dome height as a function of the 
thickness ratio obtained from 1/53/47 PLZT Rainbow samples. As illustrated in Fig. 4, 
the dome height generally increases with an increase of the thickness ratio and then 
reaches a maximum at a certain ratio. It is known that the shape of this curve (dome 
height vs. thickness ratio) is influenced by the material properties of both layers. Similar 
to the thermal properties, the mechanical properties also play an important role in 



determining the dome height. The mechanical properties obtained from the PLZT 
ceramics and the reduced samples are listed Table 3. 

3,2 Uniaxial Displacement of the Rainbow ceramics 

Associated with piezoelectric applications such as actuator and transducer 
devices, the axial displacement of the Rainbow ceramic is the most interesting one. The 
uniaxial displacement obtained from several Rainbow samples with different dome 
heights is plotted as a function of applied field in Fig. 8. The uniaxial displacements 
increased as a function of electric field. It was observed that the increasing displacement 
behavior depended on the dome height. Fig. 9 shows the variation of the dome height and 
uniaxial displacement as a function of thickness ratio. In the low thickness ratio region, 
the uniaxial displacements were observed to increase along with increasing dome height 
as a function of thickness ratio. However, a further increase of the thickness ratio caused 
a decrease of the uniaxial displacement despite an increase of dome height. 

Deformation of the oxide layer of Rainbow ceramics was observed to be elastic 
deformation. For elastic deformation, the larger deformation indicates larger stress is 
applied. Therefore, it can be considered that the Rainbow sample having higher dome 
height has larger deformation and thus possesses larger internal stress. Based on this 
consideration, at low thickness ratio, the uniaxial displacement of Rainbow ceramics is 
considered to increase with increasing internal stress. However, as shown in Fig. 9, there 
was an optimum internal stress at which the uniaxial displacement reached a maximum. 

The oxide layer usually has two different stress regions. Fig. 10 illustrates the 
distribution of the internal stresses and the preferred domain orientation. As shown in Fig. 


10, The top side is under tension and the bottom near the reduced layer is under 
compression. The boundary between the two stress regions is called the neutral axis 
where the internal stress is zero. The position of the neutral axis is a function of the 
curvature. When the dome height is low, the neutral axis occurs near the bottom of the 
oxide layer, thus the tension area becomes wide. With increasing dome height, the neutral 
axis moves toward the top side of the oxide layer. Consequently, the tension area 
becomes smaller and finally disappears. It is evident that not only the magnitude but also 
the distribution of the internal stress is related to the curvature of the Rainbow ceramics. 

It is known that the field-induced displacement of piezoelectric ceramics is 
influenced by domain orientation. In Rainbow ceramics, the contribution of the internal 
stress on the field-induced displacement is associated with the distribution of reoriented 
domains. For the Rainbow ceramics, domain orientation is parallel to the surface in the 
tension area but perpendicular in the compression area as illustrated in Fig. 10. 
Depending on the magnitude and distribution of the internal stress, the curvature will be 
changed. As a consequence, the domain structure of the Rainbow ceramics will be 
changed with variation of the internal stress and thus the piezoelectric performance will 
be affected. Because the distribution of the reoriented domains also play and important 
role, it is considered that there is an optimum curvature at which the uniaxial 
displacement becomes a maximum. Experimentally, the optimum poled dome height for 
maximum uniaxial displacement was approximately 240 pm. For the sample having a 
thickness ratio higher than 0.4, the uniaxial displacement decreased while the dome 


height increased. 



3.3 Nonlinear Behavior of the Uniax ial Displacement 

Based on the uniaxial displacement discussed in previous paragraphs, the 
piezoelectric nonlinear behavior was investigated. Using Eq. 1, the normalized 
displacement (D norm ) was calculated from the measured uniaxial displacement. The 
normalized displacements obtained from the Rainbow samples having different dome 
heights were plotted as a function of applied field in Fig. 11. The D norm generally 
increased with increasing electric field and reached maximum. For higher electric field., 
the D norm tended to decrease. The electric field for the maximum was observed to be 
about 10 - 15 kv/cm. Physically, the normalized displacement (D norm ) means the 
displacement induced by a unit applied electric field. Hence the observed variation of the 
normalized displacement indicated the nonlinear behavior of the Rainbow ceramics. 

In Fig. 1 1, it is noticed that the nonlinearity of the Rainbow samples was strongly 
influenced by the dome height. The sample having a 240 pm dome height showed the 
highest normalized displacement. For numerical comparison of the nonlinear behavior, 
the difference between the D norm measured at low electric field and maximum D norm was 
calculated. This difference can be considered as a parameter indicating the magnitude of 
piezoelectric nonlinearity. Table 4 listed the difference along with the D norm measured at 
low electric field and maximum D norm and for the Rainbow ceramics having various dome 
heights. From Table 4, it was observed that the difference increases with increasing dome 
height. This result implies that the piezoelectric nonlinearity becomes significant with 
increasing internal stress. However, the sample having 282 pm dome height showed 


reduced nonlinearity despite increasing dome height. This is also considered to be related 
to the distribution of the internal stress which is described in previous paragraph. 

In Rainbow ceramics associated with the internal stress, the domain structure and 
its response to an applied electric field is considered to be critical for the piezoelectric 
performance. The domain structure and 90° domain switching was investigated 
employing X-ray diffraction techniques. The X-ray peak intensity of (002) and (200) was 
measured at various electric fields for analysis of nonlinearity using the Rainbow 
samples. Fig 12 shows the variation of the intensity ratio of (002)/(200) peak obtained 
from the Rainbow samples having different dome heights. For comparison, the data 
obtained from normal 1/53/47 PLZT was plotted together using dotted line. 

The intensity ratios of the Rainbow samples which is measured under zero electric 
field was lower than that of normal PLZT. This result indicates that the surface of the 
oxide layer is under tension. As a result of 90° domain switching, the intensity ratios 
increased with increasing electric field. It was found that the variation was greater in the 
Rainbow samples than normal PLZT. As shown in Fig. 12, variation of the intensity ratio 
was observed to be influenced by the dome height. Comparing the piezoelectric 
nonlinearity illustrated in Fig. 11 and Table 4, the variation of the intensity ratio was 
greater when the sample showed higher piezoelectric nonlinearity. For instance, the 
sample having 240 pm dome height exhibited the largest variation of the intensity. For 
the sample having 282 pm, the intensity increase was observed to decrease. In addition, 
the (002)/(200) at zero electric field was found to increase. As explained, this result is 
considered to originate from the distribution of the internal stress. 



4. Summary 


The piezoelectric nonlinear behavior of 1/53/47 PLZT Rainbows was investigated 
phenomenologically. It was observed that the uniaxial displacement of Rainbow ceramics 
show significant nonlinear behavior for electric fields under 15 kv/cm. The nonlinear 
behavior was associated with the domain structure which is determined by the internal 
stress. The results are summarized as follows : 

1. The piezoelectric nonlinear behavior of the 1/53/47 PLZT Rainbow ceramics has 
investigated. It was found that the Rainbow ceramics showed significant nonlinear 
behavior. 

2. It was observed that the dome heights were mainly formed below the ferroelectric 
Curie temperature. The amount of dome height varied as a function of thickness ratio. 

3. The uniaxial displacement of Rainbow ceramics increased as a function of applied 
electric field. Furthermore, the increased amount was significantly influenced by the 
dome height of the Rainbow samples. 

4. For the analysis of nonlinear behavior, normalized displacements were calculated. It 
was found that the normalized displacement increased with an increase of applied 
electric field and reached a maximum when the electric field reached about 10-15 
kv/cm. 

5. In general, the piezoelectric nonlinearity of Rainbow ceramics increased with 
increasing dome height. However, the sample having maximum dome height did not 



show maximum nonlinearity. This was considered to be related to the distribution of 
internal stress. 

6. The variation of X-ray peak intensity ratio of (002) to (200) supported the fact that the 
nonlinear behavior was related to 90° domain switching. In Rainbow ceramics, this 
variation induced by electric field was greater that that of normal PLZT ceramics. It 
was considered that the internal stress affected the domain orientation and thus 
contributed to the nonlinearity of the Rainbow ceramics. 



Table 1 Variation of diameter of PLZT ceramic wafers after reduction 


Sample 

1/53/47 

5.5/56/44 

8/65/35 


before 

945.5 mil 

938.5 mil 
906.0 mil 


after 

942.5 mil 

934.0 mil 

904.0 mil 


ratio 

- 0.32% 

- 0.48% 

- 0 . 22 % 


Table 2 Linear Thermal expansion Coefficients of normal PLZT and their Reduced 
Counterpart 


Sample 


1/53/47 
1/53/47R 
5.5/56/44 
5.5/56/44R 
8/65/35 
8/65/3 5 R 



Table 3 Mechanical Properties of Normal PLZT and their Reduced Counterparts 
(reduced at 975°C) 


Sample 

Density 

r 

(*103kg/m3) 

Shear Modulus 
G 

(*10 10 N/m 2 ) 

Poisson's ratio 
s 

Young's Modulus 
E(*10 10 N/m 2 ) 

1/53/47 

7.41 

2.2615 

0.390 

6.2870 

1/53/47R 

6.90 

1.6343 

0.363 

4.4551 

5.5/56/44 

7.54 

2.7019 

0.374 

7.4248 

5.5/56/44R 

7.13 

2.3204 

0.348 

6.2558 

8/65/35 

7.51 

2.9412 

0.362 

8.0118 

8/65/35R 

6.61 

2.2598 

0.342 

6.0653 






















































Table 4 Normalized displacements of the Rainbow ceramics having various dome 
heights 



















LVDT 


Displacement 



Fig. 2 Setup for displacement measurements 




E 


_ Uniaxial Displacement 
Norm AppliedElectricField 


Fig. 3. Schematic diagram for definition of normalized displacement 



Linear Thermal Expansion (%) 





Virgin Dome Height (|im) 




Virgin Dome Height (|im) 



Temperature (°C) 


Fig. 6 Variation of virgin dome height observed for Rainbow samples fabricated from 
various PLZT ceramics 

RB1053S : 1/53/47 sintered PLZT, RB5556S : 5.5/56/44 sintered PLZT, 
RB9565S : 9/65/35 sintered PLZT, RB1053HP : 1/53/47 hot pressed PLZT 





Poled Dome Height (nm) 


250 - 


200 - 


150 - 


100 - 


50 - 





Uniaxial Displacement (pm) 



Dome Height (urn) 



Uniaxial Displacement (pm) 






PLZT Layer 



Fig. 10 Structure and internal stress distribution in a Rainbow ceramic 
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E (kv/cm) 


Fig. 1 1 Normalized displacement of Rainbow ceramics as a function of electric field 



Intensity Ratio of (002)/(200) Peak 


4.5 -i 



Poled 

Dome Height (pm) 


■O- Normal 



Fig. 12 Variation of X-ray peak intensity of (002) to (200) planes as a function of 
electric field 
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Quantitative Characterization of Electrostrlctlve Butterfly Loops 

Eugene Furman and Gene H. Haertling 

Gilbert C. Robinson Department of Ceramic Engineering, Clemson University, 
Clemson, South Carolina 29634-0907 


ABSTRACT: 

A new approach for the quantitative characterization of the electrostrictive butterfly 
loops is presented. Displacement phase angle and internal bias voltage can be 
determined with this technique. The model agrees well with the experimental butterfly 
loops for PLZT 8.4/70/30 benders. Of the possible contributors to the displacement 
phase angle the most important is the dielectric phase angle. The internal voltage, in 
addition to shifting the butterfly loop along the voltage axis, is shown to influence the 
magnitude of the displacement. An experimentally observed reduction of the 
displacement amplitude with increasing frequency was shown to be in part caused by the 
reduction of the internal voltage. 



I. INTRODUCTION 


Considerable progress has been made in characterizing piezoelectric coefficients 
as complex quantities. The approaches based on piezoelectric resonance 1 , optical 
dilatometry 2 , and modified Berlincourt piezo d33 meter 3 have been successfully applied 
to determine complex piezoelectric coefficients of piezoelectric ceramics and polymers. 
The determination of complex piezoelectric constants is more straightforward than that 
of complex electrostrictive constants since the angle between the driving field and the 
induced strain for piezoelectric materials is independent of time. For electrostrictive 
materials, however, the induced strain is proportional to the square of the driving field, 
and the angle between the field and strain is not constant. Any model of electrostrictive 
response has to agree with the experimentally obtained phase information over the 
complete cycle of a periodic waveform. 

The electrostrictive coefficients, and Qyy, are defined as follows: 

Si j - M ijk iE k E, (la) 

s ij = Qijkl P k P l (it*) 

where s is strain, E is the electric field, and P is the polarization. For practical 
applications the electrical field rather than polarization is more commonly used to 
control the strain. In many applications it would be advantageous to have a one-to-one 
correspondence between the field and strain, but the electrostrictive materials used in 
practice are characterized by the hysteretic butterfly loops. Hysteresis, in addition to 
energy dissipation, complicates the control of the sample position. A quantitative 
characterization and eventual control of the butterfly loops would enhance the use of 
electrostrictive ceramics in practical applications. 

In this paper a technique to characterize butterfly loops of electrostrictive 
materials is described. In addition to the phase information, the technique is used to 
obtain the magnitude and sign of the internal voltage. For this study, the measurements 
were performed on RAINBOW (Reduced and INtemally Biased Oxide Wafers) actuators 
based on lead lanthanum zirconate titanate (PLZT) ceramics. Rainbow actuators are 
novel devices capable of orders of magnitude larger displacements compared to the bulk 
ceramics for the same level of driving field, and as such are well suited for this study 4 * 8 . 

In a number of ferroelectrics, including both soft and hard PZT ceramics, the 
hysteresis loop can be shifted along the field axis by a number of methods. The shift is 
characterized by an internal bias field, E; nt . The internal bias field usually is caused by 
reorientable dipolar defects 9 * 12 . Defects are assumed to gradually orient in a direction 
corresponding to the minimization of the free energy. With benders such as Rainbows it 
is more appropriate to specify internal voltages rather than internal fields since the 
electric field inside a bender is not uniform. 
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II. MODELING APPROACH 


A. Displacement Model 

The relationship between the polarization and strain for the electrostrictive 
materials is often anhysteretic at low frequency 13 - 14 , implying that the electrostrictive 
coefficient Q is real. In contrast, the strain lags the driving field resulting in the butterfly 
loops, implying that the electrostrictive coefficient M is complex. The difference in 
response for the polarization and field-controlled strain is due to the phase lag between 
the polarization and driving field. For an applied sinusoidal field of E = E 0 sin((Dt) the 
polarization response is 15 : 

P = P o sin(0)t+8) = f(co)E 0 sin(cot+8). (2) 

(Note: In Eq. (2) and all further equations, the indices are 
omitted for clarity, but the tensor properties are implied.) 

The modeling technique is applicable only when P D is linearly proportional to E 0 , 
i.e., when the factor f(co) is not a function of E 0 , only of frequency. The dielectric phase 
angle, 8, is related to the imaginary and real parts, e"(co) and e'(co), respectively, of the 
dielectric constant, e, by: 

tan(8) = e"(co)/e'(co). (3) 

Assuming that there is no phase shift between the polarization and strain we can 
now rewrite Eq. (lb) as 

s = Q(f((o)E 0 sin(cot+8)) 2 (4) 

indicating that with respect to the electric field, both the polarization and strain 
experience hysteresis defined by the same phase shift constant, 8. For ferroelectric 
materials, £'(co) is orders of magnitude greater than e 0 , in which case the relationship f(co) 
= £'(g>)/cos(8) is applicable 15 . Eq. (4) in the final form becomes: 

s = Q(£ , (Q3)E 0 sin(tot+8)/cos(8)) 2 = Psin(tot+8) 2 
where p = Q(£'(co)E 0 /cos(8)) 2 is a constant at a particular frequency. 

For a Rainbow actuator the observed displacement is a function of the effective 
electrostrictive coefficients (primarily M] 2 , which may be affected by internal stress 
compared to the stress-free constant), and the sample geometry. For the periodic electric 
field, E = E 0 sin((ot), the displacement lags the driving field, and since the electrostrictive 
coefficient M 12 is negative, the simplest expression for the displacement consistent with 
Eq. (5) is 
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D = -D^sir^cot+G)) 2 . 


( 6 ) 


A non-zero displacement phase angle, 0, is required for hysteresis to occur when 
the displacement is plotted versus the electric field. In general, 0 is a function of three 
variables: 

0 = f(8,0 p ,0 e ) (7) 

where 8 is the dielectric phase angle defined in Eq. (3), 0 p is the phase angle between the 
polarization and displacement, and 0 e is the phase delay introduced by the measurement 
circuitry. The functional relationship between the three components is unknown. 
Nevertheless, should 0 be approximately equal to 8, it would imply that the displacement 
phase angle, 0, is controlled by the dielectric phase angle, 8. 

In order for the range of data from the model to correspond to the range of the 
experimental data, Eq. (6) was modified as follows: 

D = DoO-fsintcot+G)) 2 ) (8) 

which results in the range of displacements being between zero and the maximum 
experimental displacement, D 0 . In the case of Rainbow samples, the interpretation of the 
displacement curves requires taking into account the effect of an internal voltage which 
shifts the butterfly loop. To incorporate the effect of the internal voltage, Eq. (8) is 
modified to include additional terms, A and B: 

D = D o -(Asin(cot+0)+B) 2 . ( 9 ) 

This expression implies that the internal bias field, Eint> and the displacement 
phase angle, 0, throughout the oxide portion of the sample were treated as uniform. The 
internal bias voltage is then equal to the product of the internal field and the oxide layer 
thickness. 

Expanding Eq. (9) further by making 0 and B voltage-dependent did not result in 
an appreciable improvement in fit to the experimental data and made solution 
convergence more problematic. Therefore, Eq. (9) was used to fit the experimental 
displacement data. 

Since the maximum displacement, D 0 , is known from the experimental data, 
there are only three constants. A, 0, and B, which have to be determined for the model. 
The Marquart-Levenberg algorithm was used to find the values that give the best fit 
between the model and the data over a complete period. 
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Since B/A and Vj„ t /V a p| both define the relative shift of the butterfly loop, the 
internal voltage was calculated from the expression: 

V int = (B/A)V apl . (10) 

It is preferable to characterize Rainbow devices in terms of internal voltages rather than 
internal fields because (1) the electric field in a Rainbow device may not be uniform due 
to the nonuniform stress distribution, and (2) the oxide and reduced layer thicknesses 
may not be known precisely. 

B. Polarization Model 

To model the polarization loops the applied voltage waveform was first fit with 
the Marquart-Levenberg algorithm using the expression: 


v a P l = Visin(cot+ei) (11) 

where 0j is determined by the trigger level of the oscilloscope. The voltage proportional 
to the polarization was fit to the expression: 

V p = V 2 sin(cot+0 2 ). (12) 

The dielectric phase angle, 8, between the polarization and driving voltage is calculated 
using the following expression: 

8 = 02 — 1 0j. (13) 

III. EXPERIMENTAL PROCEDURE 

Rainbow ceramics chosen for this study had the composition PLZT 8.4/70/30 
(with respect to the AB0 3 perovskite structure, 8.4 mol. % La replaces Pb on the A site, 
and 70 mol. % Zr and 30 mol. % Ti occupy the B site). Samples of this composition 
exhibit the electrostrictive strain response. 

Rainbow sample preparation and properties were reported previously 4 ' 8 . PLZT 
8.4/70/30 samples were hot-pressed at 1200 °C for 6 hours at 14 MPa. A Rainbow was 
produced from the lapped wafer by placing the wafer on a graphite block and introducing 
the assembly into a preheated furnace. Reduction times at 975 °C were 90 and 120 
minutes for samples 1 and 2, respectively. The reduction conditions were such that the 
samples were reduced on one side only. The epoxy silver electrodes used for 
measurements were cured at 200 °C. Both Rainbow samples had diameters of 32 mm 
and thicknesses of 0.5 1 mm. A diagram of a Rainbow sample is shown in Fig. 1 . 
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The principle of operation of a Rainbow actuator is similar to that of a 
unimorph 16 . The reduced layer does not change its dimensions when electrical field is 
present and is a good electrical conductor. The oxide layer retains PLZT properties and 
changes its dimensions when electric field is across it. To satisfy boundary conditions at 
the interface between the oxide and reduced layers, the sample flexes when voltage is 
applied. 

Field-induced displacements were determined using an LVDT (Linear Variable 
Differential Transformer)-based apparatus at room temperature. Unless otherwise 
specified, the displacements were measured by placing the extension rod at the center of 
the sample's oxide surface. The displacement and applied voltage data were collected by 
a computer for data analysis. 

Dielectric measurements were performed using a Sawer and Tower circuit. Data 
was collected using an HP 54504A digital storage oscilloscope, then transferred to a 
computer where hysteresis loops were modeled. In addition, an EG&G 5302 lock-in 
amplifier was used to measure the phase difference between the applied voltage and the 
voltage across the reference capacitor. 

IV. RESULTS AND DISCUSSION 

A. Modeling 

Butterfly loops with no internal bias voltage were calculated for displacement 
phase angles, 0, of 0°, -10°, and -20° using Eq. (9), and the results are shown in Fig. 2. 
Two consequences of increased phase angle magnitude are: (1) a more pronounced 
hysteresis corresponding to a greater energy dissipation, and (2) a depression of the zero 
field point. However, the phase angle has no effect on predicted displacement 
magnitude. The sample with a zero phase angle displays a one-to-one correspondence 
between the driving voltage and the displacement. 

Three butterfly loops with the internal bias voltage magnitudes, | V int | , of 0 %, 
10 %, and 30 % of the applied voltage magnitude, | V ap j | , were calculated and are 
shown in Fig. 3. For each of the loops the displacement phase angle, 0, was kept constant 
at -10°. The displacement loops were normalized to make the maximum displacement, 
D 0 , equal to one for the loop with zero internal bias voltage. The results of increasing 
internal voltage include an increase in the magnitude of the displacement and a shift of 
the loop horizontally. The increasing range of displacements with increasing internal 
voltage is a consequence of the quadratic dependence of the displacement on a total local 
field which includes both the applied and internal fields. This effect could be significant 
in samples with large internal voltage. For example, in the case of | V int | = 30 % of | 
V ap tl , D 0 is increased by 69 %. In contrast, for piezoelectric materials the internal field 
would have no effect on the magnitude of displacement unless the internal field is 
sufficiently large to introduce a nonlinear response. 
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B. Comparison of Model to Measurements 

The comparisons between the experimental butterfly loops and the model are 
shown in Fig. 4. The samples were tested with ± 200 V, 1 Hz sinusoidal waveforms. 
Excellent agreement between the experimental and modeling loops over the complete 
range of measurements for both samples supports the validity of the model. The internal 
voltages, -4.6 V and -5.5 V, and the phase angles, -12.1° and -11.8°, for samples 1 and 
2, respectively, are quite similar. Although the internal voltages are small compared to 
the driving voltage, they increase the displacement by 4.6 % and 5.5 % for samples 1 and 
2, respectively, compared to the hypothetical samples with no internal voltage. The signs 
of the internal voltages are negative, which is consistent with the easy switching direction 
being towards the oxide-reduced layer interface. 

Both samples were well aged. To test the effects of aging on the displacement 
characteristics, sample 1 was thermally depoled and remeasured within 1 hour. The 
results were similar to the well-aged sample: an internal bias voltage of -6.1 V and a 
displacement phase angle of -11.9° were obtained from the model, indicating that the 
butterfly loop parameters do not change appreciably with aging. 

The curvature of a Rainbow and its internal stresses vary as a function of distance 
from the center of the sample, with the largest tensile stress on the oxide surface near the 
edges of the sample predicted by Finite Element Modeling and characterized by x-ray 
diffraction 6 . Stress-optic measurements gave direct evidence of nonuniform stresses near 
the sample edges in the bulk of the oxide layer 17 . Since internal stresses are likely to 
contribute to internal voltages in Rainbow samples, the butterfly loops were measured for 
samples 1 and 2, with the data obtained along the sample surface starting at the center 
and moving toward the edge. Good agreement between the experimental data and the 
model was obtained for all of the loops. 

Experimental field-induced displacements, D, and modeled displacement phase 
angles, 0, and internal bias voltages, V; nt , are shown for both samples in Fig. 5 (0 and 
V; nt are negative values, but graphed as positive). The maximum displacement was 
observed at the center of the samples, reducing gradually towards edge. For sample 1 the 
internal voltage showed a gradual reduction from the center towards the edge of the 
sample. For sample 2 the internal voltage was fairly constant across the sample. The 
phase angles were fairly constant for both samples except near the edge of sample 2. 

The frequency dependence of the butterfly loop parameters for sample 1 is shown 
in Fig. 6. The largest reduction of displacement amplitude occurred between 1 and 10 
Hz. Interestingly, the internal voltages also showed a large drop off in the same 
frequency range. Of the 21 % reduction in displacement from 1 to 10 Hz, approximately 
6 % was due to the change in the internal voltage. It is likely that the internal voltage is 
nonuniform throughout the oxide layer. With increasing frequency, the regions in which 
polarization reorientation with applied field are hardest to achieve will not switch, 
causing the reduction in both the displacement magnitude and observed internal voltage. 
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The calculated phase angle was in a narrow range for all the measurements except at the 
highest frequency. An increase in the phase angle at 10 Hz is partly due to increased 
dielectric losses with increasing frequency and to the phase angle introduced by the 
LVDT's signal conditioner circuitry at higher frequencies. 

The displacement versus polarization curve at 1 Hz is shown in Fig. 7. Unlike the 
displacement versus applied voltage, the displacement versus polarization has a one-to- 
one dependence. A plot of displacement versus polarization squared resulted in a straight 
line implying the electrostrictive response - a behavior similar to that of bulk PLZT 
9.5/65/35 samples 13 * 14 . Since the displacement follows the polarization without the 
phase delay, the contribution of the experimental setup to the measurement of the phase 
angle at 1 Hz and below is negligible. However, at 10 Hz a slight hysteresis was 
observed. 

Because the displacement follows the polarization with essentially no phase delay 
at frequencies of 1 Hz and below, the displacement phase delay is likely to have the 
origin in the dielectric phase delay between the driving electric field and the induced 
polarization in the same frequency range. The 0 p and 0 e contributions to 0 are negligible 
and 0 = 8. To quantify the relationship between the dielectric and the displacement 
phase angles, the dielectric and displacement measurements were performed one after 
the other using identical experimental conditions. The dielectric phase angle, 8, was 
determined from the phase lock measurement and the polarization loop curve fitting at 1 
Hz. The observed and modeled polarization hysteresis loops are in good agreement (Fig. 
8). A comparison of the dielectric and displacement phase angles in Table 1 indicates 
that they are almost identical, supporting the hypotheses that the electrostrictive losses 
are controlled by the dielectric response of the material. 

V. CONCLUSIONS 

A technique for modeling butterfly loops for electrostrictive ceramics was 
presented. The displacement phase angle and internal voltages were determined from the 
curve fitting of the experimental displacement data to a characteristic function. The 
technique was successfully applied to PLZT 8.4/70/30 Rainbow ceramics. The internal 
voltages cause the asymmetry of the butterfly loops and increase the magnitude of the 
displacements. An observed reduction of displacement with increasing frequency is 
partly accounted for by a reduction of the internal voltages. 

The phase angles and internal voltages did not change appreciably with the 
location on the sample at which the measurements were taken. The dielectric and 
displacement phase angles were found from modeling to be almost identical implying a 
close tie between the dielectric and the displacement responses. Absence of hysteresis in 
the dependence of displacement on polarization further supports the primary role of the 
dielectric response in determining the displacement phase angle of the electrostrictive 
Rainbow devices. 
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Table 1. Dielectric and displacement phase angles measured at 1 Hz 


Type of Phase Delay 
dielectric 
dielectric 
displacement 


Measurement 
lock-in amplifier 
Sawer-Tower and curve fitting 
LVDT and curve fitting 


Phase Angle 
- 12 . 2 ° 
- 12 . 2 ° 
- 12 . 4 ° 





Figure 1. Diagram of Rainbow sample 



Normalized Displacement 



Figure 2. Butterfly loops calculated for different displacement phase angles. Top: 
Middle: -10°, Bottom: -20°. The internal bias voltage is 0 V for all loops. 



Normalized Displacement 



Figure 3. Butterfly loops calculated for different internal bias voltage magnitudes. Top: 
0 %, Middle: 10 %, Bottom: 30 %. The displacement phase angle is -10° for all loops. 




Figure 4. Experimental and modeled butterfly loops for samples 1 and 2. 


Disp. (Microns), Phase Angle (Degrees), Internal Voltage (V)) 



Figure 5. The characteristic parameters of the butterfly loop 

for samples 1 and 2 as a function of distance from the center. Phase angles and internal 
voltages are negative values, graphed here as positives. 



Figure 6. The characteristic parameters of the butterfly loop for sample 1 as a function of 
frequency. Phase angles and internal voltages are negative values, graphed here as positive. 




Figure 7. The displacement versus polarization loop at 1 Hz for sample 1 . 




Figure 8. Experimental and modeled polarization loops for sample 1. 
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Characterization of Rainbow Ceramics for Active Vibration Control 
and Noise Suppression Applications 


Abstract: With a combined merit of high stress-sensing response and high field-induced 
displacement. Rainbow ceramics appear very promising for such newer applications as active 
vibration control and noise suppression in advanced mechanical systems. The properties 
pertinent to this aspect of application, including the frequency dependence of field-induced 
displacement, electromechanical coupling, and stress-sensing response, were investigated using 
samples made from PLZT compositions. A method for mounting a Rainbow on a mechanical 
structure was developed that allows the Rainbow to deliver maximum stresses and achieve 
optimal stress sensing at the same time. The stress-sensing and stress-generating characteristics 
of Rainbows mounted on an aluminum cantilevered beam were determined and the results were 
compared with those obtained using normal PLZT elements on the same structure. Aging 
behavior in the presence of bias stresses, which is associated with this mounting technique, was 
measured and evaluated. Some results of finite element analysis and theoretical calculation are 
also presented. 

1. Introduction 

Rainbow ceramics have been considered for a wide range of actuation applications due to 
their high field-induced displacement and moderate load-bearing capability [1], More recent 
studies revealed that this new device possesses good stress-sensing characteristics as well when 
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operated in the dome mode [2], The combined merit of high stress-sensing response and large 
field-induced displacement renders the Rainbow ceramic a very promising candidate for newer 
applications such as active vibration control and noise suppression in a variety of advanced 
mechanical structures and systems. This report presents results of an investigation on the 
properties of Rainbow ceramics which are pertinent to the applications in this respect. The 
properties investigated include the frequency dependence of field-induced displacement, 
electromechanical coupling and stress-sensing response. Some results of finite element analysis 
and theoretical calculation are given in conjunction with the experimental data. A special 
approach for mounting a Rainbow on a mechanical structure is introduced for which the 
stress-sensing and stress-generating characteristics were determined and compared with those 
obtained from normal ceramic elements of the same dimensions. Finally, the aging behavior of 
Rainbow properties associated with this mounting technique is discussed. It is hoped that the 
information given in this report can provide useful guidelines to further exploration of the 
Rainbow ceramic for active vibration control and noise suppression in the future. These results 
should also be of value for use of Rainbow ceramics in other fields of application. 

2. Sample Preparation 

A number of different compositions from the PLZT system were chosen to prepare the 
ceramic wafers for the production of the Rainbow samples. These compositions, located in the 
vicinity of the morphotropic phase boundary separating the tetragonal and rhombohedral phases, 
include PLZT 1.0/53/47(La/Zr/Ti), 5.5/56/44, and 5.5/59/41. Fabrication procedures for the 
ceramic wafers and Rainbow samples are available elsewhere [3]. The Rainbow samples had 
dimensions ranging from 15-25 mils in thickness and 0.5-1.30 inches in diameter. Different 
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values of the thickness ratio, which is defined as the ratio of the reduced layer thickness to the 
total thickness, were achieved by using different reduction times during processing. As usual, 
the Rainbow samples are identified in terms of the composition and processing conditions of the 
original, unreduced ceramic wafers. For instance, RBI 053 represents a Rainbow made from a 
PLZT 1.0/53/47 ceramic. 

3. Results and Discussion 

3. 1 Frequency Dependence and Electromechanical Coupling 

Figure 1 shows the dependence of the field-induced displacement on the frequency of the 
driving electric field determined using an optical interferometery system made by Zygo Inc. A 
sample with its concave side facing downwards was placed on a flat metal plate and secured 
around its edge to the plate with three small pieces of Scotch tape that formed a triangle pattern. 
A sinusoidal unipolar voltage was applied to the sample. The magnitude of the applied voltage, 
which was in the same direction as the poling field, was between 20 and 75 V which corresponds 
to an electric field of 1 .5 to 2.5 kV/cm depending on the thickness ratio of the sample (note that 
all the samples shown in Figure 1 had the same total thickness). Usually the displacement signal 
followed a sinusoidal trace analogous to the input voltage, except in the vicinity of a resonance 
where overtones of significant magnitude were observed in addition to the fundamental 
frequency. The peak-to-peak values in the displacement were recorded at each frequency 
increment. 

As is indicated in Figure 1, all of the Rainbow samples exhibited a progressive decrease 
in the displacement with increasing frequency. Marked variations in the neighborhood of 900 Hz 
were caused by the mechanical resonance of the samples in this frequency region. It was found 
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that the displacement drop depended considerably on sample’s thickness radio. The percentage 
decrease from 0.1 Hz to 100 Hz was estimated to be 13%, 38% and 36% for RB5556-51, 
RB5556-43 and RB5556-59, respectively, whose thickness ratios are indicated in the figure. 

The reduction of the displacement with increasing frequency was considered to be likely 
associated with the interaction of the internal stress with domain switching under applied field. 
With increase of the driving field frequency, the domains responsible for the stress-enhanced 
effect in the Rainbow ceramic [4] are expected to undergo enhanced relaxations originating from 
the internal friction due to the presence of the high internal stress, and eventually become locked. 
As a results, the field-induced displacement is reduced progressively. This argument appears to 
be well justified by the fact that a Rainbow behaves more like a conventional unimorph in terms 
of its field-induced displacement characteristics when the frequency is increased. Figure 1 also 
compares the Rainbow samples with a unimorph and a Cerambow. The unimorph sample was 
made by bonding a PLZT ceramic wafer to a fully reduced wafer at room temperature with a 
commercial epoxy. The Cerambow was produced on the basis of a stress-biasing technique 
analogous to the Rainbow technology, but the internal stress level in a Cerambow is considerably 
lower [5]. It can be seen that the displacement from the unimorph was nearly frequency 
independent throughout the frequency range studied. Similarly, there was only an approximately 
8% drop in the displacement from 0. 1 Hz to 1 00 Hz for the Cerambow sample, as compared to a 
38% drop in the Rainbow of the same thickness ratio. This observation is consistent with the 
aforementioned stress-related mechanism for the frequency dependence of the Rainbow ceramic, 
because the internal stress in the unimorph is negligible and that in the Cerambow is much lower. 
It is worthwhile mentioning that in a study on Rainbows by Elissalde et al [6], it was found that 
in the regions near the reduced/unreduced layer interface the PLZT properties were slightly 


4 



altered due to changes in microstructure resulting from the chemical reduction process. These 
regions may play an increasingly important role in affecting the frequency-dependent 
characteristics as the unreduced layer becomes very thin. 

The change of the effective coupling coefficient and mechanical quality factor for the 
dome mode with thickness ratio was given in Figures 2 and 3. The data in the figures were 
calculated according to equations k eff = (f p 2 -f 2 ) ,n /f p and Q„, = R/(oL) whose parameters were 
determined by curve-fitting the impedance spectrum of the sample using a standard equivalent 
circuit. A typical example of such curvefit is displayed in Figure 4. As is shown in Figure 2, the 
electromechanical coupling exhibited a maximum at a thickness ratio around 0.4. The 
mechanical Q„, in Figure 3 dropped drastically with increasing thickness ratio after peaking at the 
thickness ratio of approximately 0.2. This drastic reduction in Q,„ suggests that additional 
relaxation mechanisms may have been introduced as the thickness of the unreduced layer 
diminishes. 

The change of the effective coupling coefficient with thickness ratio was evaluated via 
the finite element method (FEM). For verification purposes the same relationship was also 
determined through analytical calculations. Due to unavailability of analytical equations for the 
disk-shaped bender structure the verification was performed based on strip-shaped structures. 
The modeling results obtained are given in Figure 5. It is surprising to note that the analytical 
models developed by different authors, although they all are able to produce consistent values for 
the field-induced displacements, provide totally different solutions to the dependence of the 
coupling coefficient on thickness ratio. Among these models Smits’ model does not even give a 
correct answer for the fact the a finite value exists at the thickness ratio of unity, instead of 
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obviously a zero value. On the other hand, Ikeda’s results nicely match the FEM curve (FEM-1) 
over the entire range of the thickness ratio. As is also shown in Figure 5, a disk-shaped structure 
(FEM-2) possesses a higher electromechanical coupling than does the strip-shaped structure 
(FEM-1) for a given thickness ratio. 

The above modeling analyses have not taken into account the influence of either the 
internal stress or the domed configuration. When the effect of the curvature was included, the 
coupling coefficient values at lower thickness ratios were found to be improved, as is shown in 
Figure 5 (FEM-3). This implies that a curved structure is capable of conversing more energy 
than a flat structure. By comparing Figure 5 with Figure 2, it can be seen that the experimental 
values on the coupling coefficient are significantly lower than the theoretical predictions, 
particularly at higher thickness ratios (more than 50% lower in most cases). This difference 
between experiment and modeling was considered to be another indication of the frequency 
dependence of Rainbow properties since the coupling coefficient data were determined at the 
resonant frequencies. In other words, the difference between experiment and modeling may 
improve under steady state conditions. 

Electromechanical coupling as a function of sample’s diameter was determined for both 
the dome mode and the radial mode. A sample was measured starting at the largest diameter 
and then sanded down to a smaller diameter value for the next measurement. The results of 
these measurements are given in Figure 6 for two Rainbow samples of different compositions. 
As can be seen, the value for the radial mode is nearly independent of diameter from 1 .3 inches 
down to 0.35 inches. As for the dome mode, there seems to be an optimum value at a diameter 
somewhere between 0.8 and 1.0. The corresponding relationship of the resonant frequency 
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versus diameter for the dome mode is displayed in Figure 7. As anticipated, the frequency values 
decreased inversely with diameter. 

3.2 Stress-sensing and stress-generating characteristics of Rainbow on mechanical structure 

Conventional approaches for mounting a piezoelectric element to a structure to be 
controlled, such as surface mount and embedding, are not applicable to the Rainbow ceramic 
because of the domed configuration. When used on Rainbow ceramics, these approaches would 
be very inefficient in terms of energy transfer between the Rainbow and the structure. Deriving a 
suitable mounting method is, therefore, crucial for use of these devices for active vibration 
control and noise suppression. In this work, a special means was developed which is able to 
effectively deliver mechanical energy to the structure and, at the same time, sense the stresses in 
the structure. A schematic of this mounting technique with a Rainbow on a cantilevered 
structure is demonstrated in Figure 8. A Rainbow with a hole drilled through in the center is 
bolt held to the structure under prestress. When a voltage is applied across the Rainbow, the 
change of the curvature results in transfer of mechanical energy from the Rainbow to the 
structure through the variation of the bending moment and stretching force at the Rainbow’s 
edge. This process is similar to the case of a piezoelectric element on a structure with a surface 
mount, as is also shown in the figure. Conversely, any vibrations of the structure cause changes 
in the Rainbow curvature which transform into electric signals via the piezoelectric effect of the 
Rainbow. In the following discussions, the Rainbow samples, and the piezoelectric elements 
used for comparison, were located at the positions 54 and/or X A measured from the free end of an 
aluminum cantilevered beam having dimensions of 120x25x1.5 mm (lengthxwidthxthickness). 
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The piezoelectric elements had the same composition (PLZT 5.5/56/44) and dimensions as the 
Rainbow samples which were 22.4x0.5 mm (diameterxthickness). 

Figure 9 illustrates the stress-sensing characteristics of a Rainbow on the aforementioned 
structure driven by another Rainbow nearby which was operated under three different levels of 
applied voltage. The stress-sensing Rainbow in this case was situated at the position '/« from the 
free end. Output signals were collected directly from the sample electrodes and fed to a lock-in 
amplifier controlled by a computer. The resonant characteristics of the structure can be clearly 
seen from Figure 9 along with the variation of the signal amplitude with frequency. It is evident 
that a higher driving voltage produced a higher level of stress which was approximately linearly 
proportional to the applied voltage. 

The stress-sensing Rainbow sample in the above measurement was replaced by a 
piezoelectric element and similar measurements were carried out. The results obtained are 
displayed in Figure 10 together with the corresponding curve appearing in Figure 9 for 
comparison. As can be seen, the two curves exhibited very similar characteristics, with the 
Rainbow sample possessing a slightly higher sensing sensitivity in the low-frequency regions. 

Likewise, the Rainbow sample used for the stress generation was substituted by a 
piezoelectric element. In this way the stress-generating characteristics of the Rainbow and the 
piezoelectric element could be compared. The measured results are presented in Figure 11. As 
indicated, the resonant behavior of the structure was slightly altered after replacement of the 
Rainbow sample by the piezoelectric element, but overall, the two curves look very similar. 
Based on the signal amplitude, it seems that the Rainbow sample was able to generate a higher 
level of stress as compared to the piezoelectric element. However, it should be mentioned that 
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the electric field on the Rainbow was also higher because the same amplitude of voltage was 
employed for the Rainbow and the piezoelectric element. 

3.3 Rainbow Properties under Static Bias Stress 

As indicated previously, this mounting technique involves prestressing of the Rainbow on 
the structure. It is desirable, as also for other similar applications, to have some basic 
understanding of any effects of persistent external stresses on the Rainbow properties. In this 
study, selected Rainbow samples were subjected to static external stresses of various magnitudes 
by placing weights normal to the major surface of the samples. Changes in the properties such as 
dome height, field-induced displacement, coupling coefficient, capacitance and piezoelectric 
constant were recorded as a function of time. In one case two strip-shaped samples with identical 
dimensions and thickness ratio were tested under different levels of stress. In the other case 
disk-shaped samples having different thickness ratios were investigated under the same stress 
level. 

Figure 12 displays the change of the dome height (curvature) with time for the samples 
indicated. RB5556-1 and RB5556-2 were strip-type samples of 20 mm long, 5 mm wide and 0.5 
mm thick with a thickness ratio of approximately 0.3. Samples RBI 053-1 and RBI 053-2 had a 
circular geometry of 31.8 mm diameter and 0.675 mm thick, and their thickness ratios were 
approximately 0.3 and 0.6, respectively. As seen in Figure 12, the dome height of all the 
samples underwent a drastic reduction within 10 days after the stress was applied. Thereafter, 
the changes became leveled off for RB5556-1 and RB5556-2. However, for the RBI 053 
samples the decrease of the dome height progressed continuously, though less drastically, which 
is probably attributed to a much larger applied stress and a ferroelastically softer structure as 


9 



compared to the case of the RB5556 samples. The sample RB1053-1 was almost flattened out 
after approximately 100 days. 

The change of the field-induced displacement under bias stress presents quite different 
characteristics among these samples, which is shown in Figure 13. For RBI 053-2 the 
displacement first increased and then dropped progressively. On the contrary, the displacement 
of RBI 053-1 decreased at the beginning but slightly recovered after about 70 days. The 
variations of the displacements for the RB5556 samples were relatively gradual. These 
characteristics of the field-induced displacement under external stress are believed to be a 
combined consequence of a number of influences whose details remain to be understood. 
However, the behavior of RBI 053-1 seems to be explainable from the curvature change under 
stress. Two processes with opposite consequences are considered to occur as the curvature is 
reduced. On one hand, the stress-enhanced effect for the field-induced displacement diminishes 
with reducing dome curvature. On the other hand, the reduction in the dome curvature results in 
a decrease of the geometrical stiffness and consequently an increase in the displacement. As the 
sample becomes flat under the influence of stress, the effect of the stiffness reduction becomes 
dominant. As a result, an increase of the displacement is expected to occur. It is also recognized 
that intrinsic degradation of the properties under stress, for example due to internal microcracks, 
would eventually play a significant role. 

The change of the coupling coefficient for the dome mode is displayed in Figure 1 4. The 
coupling coefficient values for the RB5556 samples were not significantly affected by external 
stressing. As for the RBI 053 samples, the coupling coefficient showed a trend of increase with 
time. Such a result appears to be also associated with the reduction in the curvature, because it 
was found experimentally that a circular sample with smaller curvature corresponds to a higher 
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coupling coefficient value. This, however, is contradictive to the finite element analyses given 
previously, which, again, could be ascribed to the frequency-dependent characteristics of the 
Rainbow samples. 

Figures 15-16 show the piezoelectric coefficient d 33 and capacitance as a function of time, 
respectively. Statistically both the parameters increased with time, but at various degrees. 

From the above results, it was recognized that the change of the Rainbow properties 
under external bias stress is very complex. It is dependent on the extrinsic factors such as the 
geometry and thickness ratio of the sample as well as the intrinsic properties like the composition 
and microstructure. Further work is needed for a better understanding of this subject. 

4. Summary and Conclusions 

The properties of Rainbow ceramics relevant to vibration control and noise suppression 
applications, such as the frequency dependence of field-induced displacement and 
electromechanical coupling, were investigated using samples made from PLZT compositions. It 
was found that the field-induced displacement decreased progressively with increasing 
frequency. The extent of the decrease depends strongly on the thickness ratio of the sample, 
among other factors. The coupling coefficient of the dome mode was considerably lower than 
the theoretical predictions for all samples having different dimensions and thickness ratios. This 
may be attributed to the frequency-dependent characteristics of Rainbow ceramics, because the 
experimental values were determined at the resonant frequencies, which could be quite different 
than the values at lower frequencies. 

A method for mounting a Rainbow on a mechanical structure was developed. The results 
for Rainbows mounted on an aluminum cantilevered beam show that their stress-sensing and 
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stress-generating characteristics are similar to or better than those obtained using normal PLZT 
elements on the same structure. The aging behavior of Rainbow properties in the presence of 
bias stresses, which is associated with this mounting technique, was evaluated. Generally, the 
changes of the Rainbow properties with time under external stresses are quite complex, as they 
are strongly dependent on both intrinsic and extrinsic influences. The trend of property variation 
with time is usually different from property to property, and the magnitude of the variation at a 
given time period is also very different for different properties. 
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Figure 1 . Frequency dependence of field-induced displacement. The numbers given 
within the parenthesis in the legend denote the thickness ratios of the corresponding 
sample. 
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Figure 2. Variation of dome mode coupling coefficient as a function of thickness 
ratio for RB5556 samples. 
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Figure 3. Variation of mechanical quality factor of the dome mode as a function 
of thickness ratio for RB5556 samples. 
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Figure 4. Change of impedance amplitude as a function of frequency near the 
dome mode resonance of a RB5556 sample. 
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Figure 5. Relationships between bending (dome) mode coupling coefficient and 
thickness ratio derived from different analytical models and finite element 
analyses. FEM-1 represents results for strip-shaped samples, FEM-2 for 
disk-shaped samples, and FEM-3 for disk-shaped samples with curvature. 
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Figure 6. Change of effective coupling coefficients with sample diameter for 
RB5556 and RBI 053 samples. 
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Figure 8. Schematics of Rainbow and piezoelectric wafer on cantilevered beam 
for stress sensing and stress generation. 
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Figure 9. Voltage signals as a function of frequency from a Rainbow stress 
sensor on a cantilevered structure driven by a Rainbow under different applied 
voltages. 
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Figure 10. Voltage output signals as a function of frequency from a Rainbow and 
a PLZT stress sensor on a cantilevered structure. 
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Figure 11. Voltage signals as a function of frequency from a Rainbow stress 
sensor on a cantilevered structure driven by a Rainbow and a PLZT stress 
generator. 
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Figure 1 2. Change of dome height with time in the presence of applied stresses. 





Figure 13. Change of field-induced displacement with time in the presence of applied 
stresses. 
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Figure 14. Change of effective coupling coefficient of the dome mode with time in the 
presence of applied stresses. 
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Figure 15. Change of piezoelectric coefficient with time in the presence of applied stresses 
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Figure 16. Change of capacitance with time in the presence of applied stresses. 
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Stress Effects in Cerambow Actuators 


L Abstract 

The purpose of this report is to present the most recent findings concerning the 
Cerambow(CERAMic Biased Oxide Wafer) actuator at Clemson University. X-ray 
diffraction patterns containing the (200) and (002) peaks from selected thickness ratio 
Cerambow samples were obtained to better understand the state of stress in the ceramic 
layer. Frequency dependent displacement behavior of the Cerambow was studied from 
0. 1 to 400 Hz using a laser interferometer. Cerambow samples having a 0.3 thickness 
ratio were seen to exhibit a more pronounced stress-enhanced effect compared to those 
with a 0.5 thickness ratio based on the x-ray diffraction data. The displacement of the 
Cerambows used in this investigation decreased as frequency was increased up to 
approximately 100 Hz. From 200-400 Hz the displacement increased and was considered 
to be caused by the existence of a resonant dome mode at these frequencies. 

II. Introduction 

In the field of electronic ceramics, there has been an ongoing effort to produce 
actuation devices from ferroelectric materials. 1 Ferroelectric ceramic actuators have been 
considered to be more advantageous than other actuator types for many reasons including 
low cost, high induced stress, compact size and quick response. The capabilities of bulk 
ferroelectric (piezoelectric and electrostrictive) materials has been vigorously studied. The 
greatest displacements achieved by bulk materials have been determined to be insufficient 



for many practical applications, which include linear motors, pumps, speakers, variable 
focus lenses, and medical detection devices. For this reason, strain-amplifying techniques 
have been studied and developed, and serious improvement to the maximum displacement 
achievable by ferroelectric ceramics has been achieved. 2 ’ 3 

One of the most promising revelations in the area of ceramic actuation devices is 
the Rainbow (Reduced And Internally Biased Oxide Wafer) actuator. A Rainbow is 
formed by chemically reducing one side of a high lead containing ceramic wafer at an 
elevated temperature. Upon cooling to room temperature, stress is imparted to the oxide 
ceramic layer by the reduced layer resulting in a domed or saddle shaped structure. 
Rainbow ceramics have shown to yield ultra-high displacements when subjected to an 
electric field when compared to any other bulk ceramic actuators. 4 It has been proven that 
a high internal stress field is responsible for the performance of Rainbows. 5 

The Cerambow actuator is based on the same stress-bending technology as the 
Rainbow. Bonding a high thermal expansion substrate to a PLZT ceramic wafer at a 
moderate temperature forms a Cerambow. The Cerambows for this investigation were 
made by solder bonding electroded piezoelectric or electrosrtictive ceramics to brass 
substrates with a thermal expansion coefficient approximately four times greater than the 
ceramic. While the Cerambow is basically a unimorph bender, the Rainbow is a 
monomorph consisting of a piezoelectrically active oxide layer and an inactive reduced 
layer. 

It is known that of the two types of domain reorientation, 180° and non- 180°, 
which take place in ferroelectric ceramics upon the application of an electric field, only 
non-180° rotations are responsible for dimensional changes in the material. By this theory, 



increasing the population of non- 180° domains in a ferroelectric ceramic should lead to an 
increase in the displacement achievable by the material. In terms of unit cell geometry, 
180° domains would be oriented parallel to each other, and non- 180° domains at an angle 
to each other. In tetragonal phase ceramics, this angle is 90° and in rhombohedral phase 
ceramics it can be either 71° or 109°. Figure 1 shows a diagram of the orientation for 
180° and 90° domains. Domains which reside in the regions of compressive stresses are 
more likely to undergo 1 80° switching under the application of an electric field normal to 
the stress, while those in a region of tensile stresses are more likely to undergo a non- 180° 
reorientation. 

The high internal stress fields in the Rainbow were characterized by a compressive 
stress at the intermediate layer between the reduced and oxide layers which decreases 
toward the top of the oxide layer. For certain thickness ratio Rainbows, a region of tensile 
stress was discovered near the surface that was maximized at a thickness ratio of ~0.3. 6 A 
diagram of the relationship between the (200)/(002) intensity ratio and the domain 
structure is located in Figure 2. The intensities of the (200) and (002) x-ray diffraction 
peaks are determined by the amount of domains that are oriented parallel and 
perpendicular to the sample surface respectively. 

This investigation aims to show the presence of stress-enhanced mechanisms in the 
Cerambow which contribute to the displacement as in the Rainbow. A study of the 
frequency-dependent displacement properties of Cerambows is also included. 



III. Experimental Procedure 


1. Sample Preparation 

Conventional mixed oxide techniques were used to prepare PLZT 1.0/53/47, 
5.5/56/44, and 9.0/65/35 powders according to the B-site vacancy formula for the PLZT 
system. Raw materials were batched and ball mixed for 30 minutes in distilled water. 

After drying, the powders were calcined at 925°C for two hours and then milled with 
distilled water in a high alumina containing ball mill for one hour. Slugs were pressed 
from the dried material and sintered in an oxygen atmosphere at 1250°C for four hours. 

A diamond saw was used to slice the sintered samples into disks, which were 
ground to a diameter of 3 1 .75 mm and lapped to the appropriate thickness. Silver 
electrodes were applied to each side of the ceramic disk and dried at 200°C for 20 minutes 
and then fired at 550°C. A non-electroded ring approximately 1 mm in width was left 
around the circumference of one side of the wafer to prevent any excess solder from 
bonding to it during Cerambowing. 

A disk was cut to the appropriate diameter from a sheet of brass foil having a 
thickness of 0. 127 mm. The ceramic and brass disks were placed in a sonicator filled with 
acetone for one minute to insure a clean surface prior to bonding. The brass disk was 
placed on a piece of sheet metal on a hot plate preheated to approximately 250°C. The 
brass was allowed to heat up to maximum expansion, and was tinned with 60/40 Sn/Pb 
solder. The ceramic disk was placed on top the solder with the non-electroded side faced 
up, and a preheated weight was lowered onto the device to hold it together while it was 
removed from the hot plate. 



Pressure was applied normal to the surface of the Cerambow by hand for 
approximately 20 seconds after removal from the hot plate, and the it was allowed to cool 
to room temperature. The edge of the Cerambow was sanded with 400-grit sandpaper to 
remove any excess solder and decrease the chance of electrical breakdown during testing. 
The samples were then poled at twice the coercive field for the respective composition for 
one minute. 

The samples that were used to obtain x-ray diffraction data were prepared slightly 
different than a regular Cerambow. Before electroding, these disks were placed in a box 
furnace at 700°C for one hour to relieve any stress in the ceramic generated due to slicing, 
grinding, and lapping. Only one side of the ceramic was coated with silver electrode 
before bonding. An aluminum electrode was evaporated onto the top surface of each 
sample that was to be used to evaluate the change in the (200)/(002) peak intensity ratio 
as a function of electric field. Silicon oil was spread onto each Cerambow before a 
voltage was applied for insulation purposes. The voltage was applied to the samples 
through pieces of aluminum foil which were taped to their electrodes. 

2. Measurements 

X-ray diffraction patterns of the (200) and (002) peak intensities were obtained 
with a Scintag 2000 XDS x-ray diffractometer using Ni-filtered copper Ka radiation. 

Scans of each sample were taken at a rate of 1 degree per minute between 42 and 46 
degrees of 20. The (200) and (002) peaks were fitted using a Gaussian fitting function. 

Frequency versus displacements was recorded for selected Cerambow samples 
from 0. 1-400 Hz. All displacement measurements were taken using a 200 volt unipolar 
voltage. A Zygo ZMI 1000 laser interferometer interfaced with a computer was used to 



obtain these measurements. Figure 3 contains a diagram of the interferometer setup. 

A laser beam comprised of two orthogonally polarized beams with different 
frequencies was generated by the laser head and aimed at the optical probe. When the 
incoming beam entered the optical probe it was divided into two perpendicular beams with 
different polarizations. One beam was deflected immediately into the detector, while the 
other was sent to the sample. The second beam deflected off of a piece of reflective 
silicon tape located on the sample and back into the detector. Movement of the sample 
resulted in an optical path change between the two beams. The detector converted the 
optical interference into an electrical signal that was sent to the computer. The peak to 
peak displacement shown on the computer was reported as the displacement at that 
frequency. 


IV. Results and Discussion 

Figures 4 and 5 are plots of the (200)/(002) peak intensity ratios of selected 
1/53/47 and 5.5/56/44 samples as a function of electric field. The 1.0/53/47 and 5.5/56/44 
samples having a 0.3 thickness ratio in both graphs showed a much greater slope than the 
other samples, 1.5 and 0.6 times respectively. The sample having a 0.0 thickness ratio is 
bulk PLZT and in Figure 1 it is shown to have a similar (200)/(002) peak intensity ratio 
change as a function of electric field, as the sample having a 0.5 thickness ratio. 

As stated before, domains that undergo non- 180° reorientation with the 
application of a poling voltage give an additional contribution to displacement. 
Piezoelectric ceramic materials which are placed under tension are known to possess 



preferred orientation in the direction of stress. The application of an electric field 
perpindicular to the direction of this preferred orientation would result in an increase in the 
amount of 90° rotations, and hence displacement, compared to a stress-free ceramic. For 
this reason, greater changes in the (200)/(002) peak intensity ratio with electric field are 
expected from Cerambows that have the largest region of tensile stress. Due to thier 
much larger slope, it is believed that the 0.3 thickness ratio samples in Figures 4 and 5 
benefit from some type of stress enhanced effect. These results agree with previous finite 
element models, which underestimated the performance of Cerambows having a thickness 
ratio below 0.4 up to 78 % 7 This underestimation was considered to be due to stress 
enhanced mechanisms that were not incorporated into the model. 

Figures 6 and 7 are plots of the displacement of Cerambows having different 
thickness ratios as a function of frequency. A decrease in the displacement was observed 
from frequencies from 0.1 to 100 Hz. The PLZT 1/53/47 samples showed about the same 
amount of decrease, 30 and 23 %, for the 0.3 and 0.5 thickness ratio samples respectively. 
The 9.0/65/35 samples showed a similar response, decreasing approximately 15 % each 

Not only was the frequency-dependent displacement of Ceramobws thought to be 
due to stress-enhanced effects, nonlinear and hysteresis effects ,which were known to be 
more pronounced at higher fields, were thought to be responsible for their behavior also. 
All samples were exposed to the same voltage for these measurements, so the 0.5 
thickness ratio samples were exposed to a higher field. Therefore, any nonlinear effect 
would be much more pronounced for the 0.5 thickness ratio samples. 

As frequency was increased, some domains that lie in regions of tensile stress 
which are necessary for large displacements may not have enough time to switch. 



Because any nonlinear or hysteresis effect should have been less evident in the 0.3 
thickness ratio Cerambows and they decreased approximately the same amount as the 
thinner samples, the frequency data may also show the presence of a stress-enhanced 
effect in these samples. Therefore both the x-ray diffraction and frequency dependent 
displacement data show that a stress enhanced effect may play a role in the behavior of 0.3 
thickness ratio Cerambow actuators. 


V. Summary 

Cerambows having a 0.3 thickness ratio experienced a much greater change in 
their (200/(002) peak intensity ratios as a function of electric field compared to the other 
samples tested in this study. Based on this fact, Cerambow devices possessing a 0.3 
thickness ratio were found to benefit from a stress enhanced effect. 

Cerambows with thickness ratios of 0.3 and 0.44 showed similar frequency 
dependent displacement characteristics from 0. 1 to 400 Hz. From 0. 1 to 100 Hz, the 
displacement of the Cerambows decreased up to 30 % depending on thickness ratio and 
composition. The samples having a 0.3 thickness ratio were believed to exhibit a stress 
enhanced effect because they consistently showed approximately the same amount of 
decrease as the 0.44 thickness ratio samples, although they were less influenced by 
nonlinear effects. Increasing the frequency further resulted in an increase in displacement 
up to 400 Hz. This behavior was explained by the existence of a resonant dome mode at 
these frequencies. 
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Figure 1 . Diagram of the two different domain types in a tetragonal 

ferroelectric. The bold face lines represent domain walls for the 
particular domain type. 
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Figure 2. 


Diagram of the domain orientation in a ferroelectric ceramic under various 
stress conditions. 
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Figure 3. Schematic diagram of the experimental setup used to measure the 

frequency-dependent displacement properties of Cerambow actuators from 
0.1 to 400 Hz. 
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Figure 4. Variation of the (200)/(002) peak intensity ratio with the application of an 

electric field for PLZT 1/53/47 Cerambow samples. 
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Figure 5. Variation of the (200)/(002) peak intensity ratio with the application of an 

electric field for PLZT 5.5/56/44 Cerambows. 
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Figure 6. Displacement of 1/53/47 PLZT Cerambows at 200 volts as a function of 
frequency. 
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Displacement of 9.0/65/35 PLZT Cerambows at 200 volts as a function of 
frequency. 
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Abstract A new type of ceramic actuator has been developed called the CERAMBOW 
(CERAMic Biased Oxide Wafer). In this technology, bonding two layers with 
mismatched thermal expansion coefficients results in a structure that is a purposely stress- 
biased unimorph actuator. The voltage-induced displacement properties of Cerambows 
having varying PLZT 1/53/47, 5.5/56/44, and 9/65/35 layer thicknesses were evaluated 
and compared to Rainbow actuators. The temperature dependent displacement properties 
of Cerambows were studied from 25 to 150°C. Cerambow actuators with dimensions of 
31.75 mm x 0.5 mm (diameter x thickness) achieved displacements as high as 135 pm at 
450 volts. In addition, the displacements of 1/53/47 and 5.5/56/44 Cerambows showed 
good temperature stability up to 1 1 0°C 

Introduction Over the last ten years, there has been an ongoing effort to produce 
piezoelectric and electrostrictive actuator configurations which produce strains that meet 
the requirements of today’s applications which include linear motors, pumps, speakers, 
deformable mirrors, and micropositioners. ’ Presently, the most common types of 
composite actuator configurations are unimorph and bimorph benders in addition to 
flextensional devices. It is known that each of these technologies has limitations in 
regard to size, weight, maximum displacement, or load bearing capability. 3 



The Cerambow was developed in the shadow of one of the most promising strain- 
amplification techniques to this day known as the Rainbow (Reduced And INtemally 
Biased Oxide Wafer) actuator. A Rainbow actuator is produced by chemically reducing 
one side of a high lead-containing ceramic wafer at an elevated temperature, resulting in a 
dome or saddle shaped 2-layer composite structure. The mechanisms responsible for the 
unique geometry of the Rainbow have been previously reported. 4 The stresses which are 
imparted to the ceramic via the Rainbow process create a state of tension toward the top, 
and compression toward the bottom of the unreduced, oxide layer. The ultra-high 
displacements achievable by Rainbow ceramics can be attributed to this stress-biased 
condition. 

The Cerambow is considered a relative of the Rainbow because they are both 
based on similar stress-bending technologies. However, temperatures of fabrication are 
much lower for the Cerambow, and the bonding mechanism is significantly different; i.e. 
a discrete, physical bond for the Cerambow and an intragranular, chemical bond for the 
Rainbow. Bonding a high expansion substrate to an electroded piezoelectric disk at a 
moderate temperature forms a Cerambow. The resulting domed or saddle-shaped 
configuration in the Cerambow is due entirely to the difference in thermal expansion 
coefficients between the ceramic and substrate layer. 

While the Rainbow is a monomorph consisting of a piezoelectrically active oxide 
and an inactive reduced layer, the Cerambow is essentially a typical unimorph. In both 
devices, the inactive layer (consisting of the substrate, bonding layer, and bottom 
electrode in the Cerambow) laterally constrains the active piezoelectric or electrostrictive 
layer. Applying an electric field to either actuator causes a dimensional change in the 



lateral direction by the active layer. To accommodate this strain, the total composite 
(active and inactive layers) must bend, resulting in a buckling motion perpendicular to the 
radial direction of the device. This axial displacement is maximized at the dome center. 

In the past there have been many attempts to quantify and alleviate the stresses 
produced when metals and ceramics are joined. In Cerambow technology, the stresses 
generated during bonding and subsequent cool down are believed to be responsible for 
the above average performance of the device. It is believed that the stress gradients 
present in the ceramic layer of a Cerambow, like the Rainbow, enable it to produce 
greater displacements at a given voltage than the average unimorph bender. This effect 
has been studied in the Rainbow and was identified as a stress-enhanced effect. 5 

This paper reports on the process by which Cerambow actuators are fabricated 
and presents a characterization of their voltage-induced displacement properties under 
various conditions. In addition, a direct comparison between Cerambows and Rainbows 
was obtained for the 1/53/47 composition. 

Experimental Procedure 

(1) Sample Preparation Many material properties are optimized for electromechanical 
transducer applications at the morphotropic phase boundary (MPB) between the 
ferroelectric rhombohedral and tetragonal phases of the PLZT system. 6 The ferroelectric 
PLZT compositions used in this investigation were chosen because they lie on or near the 
MPB. Conventional mixed-oxide techniques were used to prepare PLZT 1/53/47 
(La/Zr/Ti), 5.5/56/44, and 9/65/35 powders. Raw materials were batched according to the 
traditional B-site vacancy formula for the PLZT system. The batched oxide powders were 



thoroughly mixed in a ball mill using a 1 : 1 weight ratio of powder to distilled water. 

After drying, the powder was placed in an alumina crucible and calcined at 925°C for two 
hours. Milling of the calcined powder was carried out using a high alumina ball mill and 
distilled water. 

PLZT slugs were dry pressed using a pressure of approximately 20 MPa and 
sintered for 4 hours at 1250°C in an oxygen atmosphere. The sintered slugs were then 
sliced with a diamond saw, ground to a diameter of 3 1 .75 mm and lapped to the 
appropriate thickness, which ranged from 0.18 - 0.43 mm for each actuator in this study. 
The disks were coated with silver electrodes (DuPont 7095) on each side, dried at 200°C 
for 20 minutes and then fired at 550°C for 30 minutes. A non-electroded ring 
approximately 1 mm wide was left around the outer circumference of one side of the 
wafer to prevent any excess solder from bonding to the top electrode. 

Cerambows could be fabricated from a wide array of materials. In this study, a 
brass substrate having a thermal expansion coefficient approximately four times greater 
than that of the ceramic was used. A disk was cut to the appropriate diameter from a 
sheet of brass foil having a thickness of 0.127 mm. Both the brass disk and the 
electroded ceramic sample were placed in a sonicator in acetone for one minute to insure 
a clean surface prior to bonding. The brass disk was placed on a piece of sheet metal on a 
hot plate preheated to approximately 250°C. The brass was allowed to heat up to 
maximum expansion, and was tinned using 60/40 Sn/Pb solder. This solder composition 
was chosen because it possesses the highest joint strength of the tin/lead solders (43.8 


MPa). 



The electroded PLZT wafer was then placed on top of the solder with the 
unelectroded-ring side faced up. A preheated steel weight was lowered onto the device to 
hold it together while it was removed from the hot plate. Pressure was applied normal to 
the surface of the Cerambow by hand for approximately 20 seconds after removal from 
the hot plate, and the setup was allowed to cool to room temperature. The edge of the 
Cerambow was sanded with 400-grit sandpaper to remove any excess solder and decrease 
the chance of electrical breakdown during testing. 

For Rainbow ceramics, the ratio of the reduced layer thickness to the total 
thickness of the device is most important for maximizing field-induced displacement. 

This parameter is defined as the thickness ratio. In addition, to properly compare 
Cerambow and Rainbow actuators the thickness ratio must be kept constant between 
them. In the Cerambow, the combined thickness of the substrate, solder, and bottom 
electrode was considered to be equivalent to the reduced layer of the Rainbow. The 
Cerambow samples made for this investigation were generally found to have an inactive 
layer thickness of 0. 1 8 mm. Therefore each Rainbow sample was reduced for the proper 
time and temperature to obtain a 0.18 mm reduced layer. Consequently, the PLZT 
1/53/47 disks required a reduction temperature of 950°C for 35 minutes. Since the edges 
of a Rainbow tended to be more reduced than the remainder of the structure, samples 
were ground to the appropriate diameter after processing, thus eliminating the region of 
nonuniform reduction. Silver epoxy electrodes (DuPont 5504) were then applied to both 
sides and cured at 200°C for 30 minutes. 



(2) Measurements The density of each fired PLZT slug was determined by the 
immersion method. All densities were found to be greater than 95 % of theoretical for 
their respective compositions. The grain sizes of PLZT 1/53/47 and 5.5/56/44 were 
determined by the linear intercept method and were 7 pm and 3 pm, respectively. Each 
piezoelectric actuator sample was poled for one minute using an electric field greater than 
twice the coercive field. This poling field was determined to be 16 kV/cm for 1/53/47 
and 25 kV/cm for 5.5/56/44. Three samples were fabricated for each testing condition and 
the average displacements were reported. 

A linear variable differential transformer (LVDT) setup was used to record the 
voltage-induced displacements of each actuator. The displacement as a function of 
voltage up to 600 volts was recorded for each sample. The same samples were also tested 
under a point loading varying from 10 to 1000 grams applied at the dome center under an 
applied voltage of 450 volts. In order to measure the temperature dependency of the 
displacement in the Cerambow, the samples were submerged in mineral oil during 
heating on a hot plate. Displacements were recorded for increasing and decreasing 
temperature. A diagram of this setup is given in Figure 1 . 

Results and Discussion: The voltage-induced displacements for a series of Cerambow 
5.5/56/44 samples with varying thickness are shown in Figure 2. All samples exhibited 
nearly linear behavior as a function of voltage. The maximum displacement observed at 
450 volts was approximately 175 pm, and was achieved by the thinnest Cerambow. A 
comparison between Cerambows and Rainbows having a thickness ratio of 0.32 is 



displayed in Figure 3. For all 1/53/47 Cerambow samples, displacements between 50-75 
% of the Rainbows were achieved. A fundamental structural difference between both 
actuators was most likely responsible for this behavior. In the Rainbow, the interfacial 
layer between the reduced and oxide layers is extremely thin and essentially nonexistent, 
whereas the Cerambow possesses a bonding layer that is approximately 50 pm in 
thickness. It has been reported that in the bimorph and unimorph structures, increasing 
the thickness of the bonding layer leads to a decrease in the achievable displacement at a 
given field. 7 

In Rainbows and Cerambows with thinner oxide layers, sometimes the stress 
induced by the inactive layer during cooling can act to bend the structure into a shape 
similar to that of a saddle as opposed to the more common dome configuration. From 
this investigation it was seen that most samples having a total thickness less than 
approximately 0.45 mm adopted the saddle configuration, while those with a total 
thickness greater than 0.45 mm adopted the dome configuration. Actuators operating in 
the saddle mode were known to give greater displacements than those operating in the 
dome mode. The point must also be made that thinner actuators were exposed to a higher 
electric field, which would lead to greater displacements. The displacements of the two 
thinnest samples in Figure 2 were believed to be slightly greater than the remaining 
samples due to a combination of these factors. 

Figure 4 shows a graph of the change in displacement at 450 volts for Cerambows 
with varying thicknesses under a point loading applied at the dome center. As the 
loading increased, the thicker samples showed a more slight decrease in displacement 



than the thinner samples for each composition. The underlying reason for this behavior 
was that thicker samples were known to possess greater stiffness, allowing them to 
maintain more of their curvature under the point loading. 

Cerambow samples gave more similar displacements compared to the Rainbow 
under point loaded conditions. The data from samples having a 0.5 thickness ratio is 
reported in Figure 5. When these measurements were recorded, each sample was placed 
on top of a metal washer. It is known that Rainbow samples can give displacements only 
as large as their dome heights, meaning they cannot reverse their curvature to 
accommodate an increasing point load or electric field without failure. Cerambows have 
shown the ability to reverse their curvature without breaking, most likely due to their 
thicker, more ductile bonding layer, which explains why they showed displacements 
more comparable to the Rainbow under these conditions. 

Figure 6 contains a plot of the displacements of Cerambows with a thickness ratio 
of 0.29 as a function of temperature. As the temperature was increased, the displacement 
gradually increased up to approximately 100-1 15 °C. Past this temperature range, a 
significant decrease in the displacement was observed, becoming more pronounced up to 
the maximum temperature. Upon cooling the samples, a similar trend was observed. 

The ferroelectric compositions used in this study were known to have 
piezoelectric properties similar to those of PZT-5. Berlincourt, et al, reported a plot of 
the change of the d 31 coefficient versus temperature. 8 A rise in temperature is 
accompanied by an increase in the d 31 coefficient for PZT-5A up to 1 15 °C and beyond. 

It was assumed that the ferroelectric materials used to make the Cerambows in this 
showed similar behavior. The increase in this material property directly influences the 



performance of Cerambows because, as stated previously, the lateral dimensional change 
perpendicular to the direction of the applied electric field is responsible for the bending 
motion in these actuators. This factor was considered to be the major contributor to the 
behavior of the ferroelectric Cerambow actuators up to approximately 1 15 °C. 

From 1 15-150°C, the displacement of the piezoelectric Cerambows decreased 
significantly. At these temperatures, the rapid softening of the solder bonding layer 
allowed the metal and ceramic layers to begin to move relative to each other. When 
voltage was applied, the deformation in the piezoelectric layer was not entirely 
transformed into bending motion, leading to a decrease in the observed displacement. As 
temperature was increased further, the bonding layer became more ductile, transforming 
even less of the piezoelectric strains into bending. 

As for the electrostrictive 9/65/35 Cerambows, the displacement at 450 Volts 
decreased as the temperature was increased from room temperature to 150 °C. This type 
of behavior was expected from this material because it was known to have a Curie 
temperature that lies at approximately room temperature. As the temperature of this 
material was increased, the amount of obtainable polarization within it decreases, hence 
the net displacement decreases. Likewise, the softening of the bonding layer surely 
contributed to the decrease in performance. 

Summary The Cerambow has proven to be a viable strain-amplification technique for 
motor piezoelectric applications, producing displacements between 50-75 % of Rainbow 
samples having the same dimensions. The range of samples made for this investigation 
all showed fairly linear voltage dependence up to 600 volts. Cerambows made from 



1/53/47 PLZT produced strains which were equivalent to those of Rainbows under point 
loaded conditions. 

The temperature dependent displacement capabilities of PLZT 1/53/47 and 
5.5/56/44 Cerambow actuators was evaluated and found to be fairly constant up to 
temperatures of approximately 100°C. Past this temperature range, there was a sharp 
decrease in the displacement. The softening of the bonding layer was considered to be 
the major contributing factor to this behavior. The 9/65/35 samples showed a decrease in 
their displacement as a function of temperature, which was expected due to the nature of 
electrostriction under these conditions. 
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Fig. 1. Schematic diagram of the experimental setup used to measure the temerature- 
dependent displacements of Cerambows. 

Fig. 2. Comparison of the voltage-induced displacements of Cerambows with varying 
oxide layer thickness. 

Fig. 3. Voltage-induced displacement of Cerambow and Rainbow samples having a 0.32 
thickness ratio. 

Fig. 4. Displacement at 450 volts of 9/65/35 Cerambow samples under a point loading at 
the dome center. 

Fig. 5. Cerambow/Rainbow voltage-induced displacement comparison under an 
increasing point loading. 

Fig.6. Temperature-dependent displacement properties of Cerambow actuators having a 


0.29 thickness ratio. 




Fig. 1. Schematic diagram of the experimental setup used to measure the 
temperature-dependent displacements of Cerambows. 
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Fig. 2. Comparison of the voltage-induced displacements of 
Cerambows with varying oxide layer thickness. 
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Fig. 3. Voltage-induced displacement of Cerambow and Rainbow 
samples having a 0.32 thickness ratio. 
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Fig. 4. Displacement at 450 volts of 9/65/35 Cerambow 
samples under a point loading at the dome center. 
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Fig. 6. Temperature-dependent displacement properties of Cerambow actuators 
having a 0.29 thickness ratio. 
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Operational Fatigue in Rainbow and Cerambow Ceramics 

Gene Haertling 

I. Introduction 

Ferroelectric and piezoelectric ceramics have long been known to be limited in their areas 
of application because of their low tensile strength, their minimal mechanical displacement during 
operation and their fatigue characteristics (including creep and aging) leading to diminished 
operation or outright failure. Through ingenious engineering designs over the years, these 
limiting factors have largely been circumvented via special techniques such as (1) pre-loading the 
tranducers with compressional wraps or mountings, (2) forming special compositions or 
ceramic/matrix composites and (3) fabricating composite compression-type flextensional 
structures; however, this has usually been accomplished at the expense of additional size 
(volume), weight and sensitivity. 

When used as high displacement actuators as in unimorphs, bimorphs, monolithic 
Rainbows (Reduced And INtemally Biased Oxide Wafer) or Cerambows (CERamic Biased Oxide 
Wafer), such materials suffer from the same limitations mentioned above and means must be 
found to alleviate the problems. As the newest of the bender technologies. Rainbows extend the 
displacement and force range of present-day bender actuators several-fold, and one could 
consider the Rainbow as a heavy-duty, super bender with special, low frequency (dome, saddle) 
bending modes in addition to the usual higher frequency piezoelectric extensional modes. 
Applications for the Rainbow benders include linear motors, pumps, switches, loud speakers, 
sounders, light deflectors, variable focus mirrors, anti-vibration elements, hydrophones, 
hydroprojectors, actuators, smart transducers and sensors. 

Although various material and stress-related aspects of the Rainbow and Cerambow 
structures have now been explored somewhat thoroughly, the fatigue characteristics of the basic 
material, and Rainbow and Cerambow actuators fabricated from it, has only received limited 
attention even though it is recognized to be one of the most important considerations for the 



overall success of the technology. The first work in this area has been reported by Dausch 1 and 
Dausch and Wise 2 where they pointed out that (1) polarization fatigue in piezoelectric Rainbows 
resulted in a 33 to 53% loss over 10 8 switching cycles while electrostrictor Rainbows fatigued 
only 8%, (2) fatigue was believed to be caused by degradation at the interface between the oxide 
and the chemically reduced layers, (3) the piezoelectric, soft composition, PZT-5A, and 
electrostrictive PLZT 9/65/35 were found to retain approximately 65% of their initial 
displacement after 10 7 cycles with a 300 g load and (4) the super-soft, piezoelectric compositions, 
PZT-5H and PLZT 7/65/35 fatigued completely after 10 7 cycles. They concluded that PZT-5A 
and PLZT 9/65/35 would be viable candidates for Rainbow electromechanical actuators. 

The objective of this brief study was to test the fatigue and life characteristics of several 
selected Rainbow and Cerambow actuators fabricated from piezoelectric (ferroelectric) and 
electrostrictive compositions, thus adding some additional input data to the phenomenon of 
fatigue in these materials. 


II. Experimental 

The compositions selected for this test included PLZT 1/53/47 (piezoelectric), PLZT 
6/56/44 (piezoelectric), PLZT 8.2/70/30 (electrostrictive). Aura C3900 (piezoelectric) and 
Motorola 3199 (piezoelectric). Two actuators of each of these compositions were fabricated and 
tested as dome-mode Rainbows with the exception of the Motorola 3199 which was fabbed as a 
dome-mode Cerambow. The Aura ceramics were obtained from Aura as Rainbows in two 
different sizes; i.e., 1.25 inch dia. x 0.15 inch thick and 2.0 inch dia. x 0.30 inch thick. Both of 
these sizes were tested, whereas the size of all of the other Rainbow actuators was 1.25 inch dia. 
x 0.020 inch thick. Since the Motorola elements were obtained as 1.25 inch dia. x 0.010 inch 
thick parts, a Cerambow was fabricated from one such element using solder bonding to a 0.005 
inch thick brass foil. The total number of actuators under study was eleven. 

Testing was very simple in that it involved a group of eleven individual mechanical dial 
indicator stands, each holding an actuator; and all of the actuators were connected electrically in 



parallel to a single dc power supply operated from 0 and +450 volts at a frequency of one 
Hertz. 

This was done so that the expense of a separate power supply for each setup was not required. 
Since all of the samples were electrically in parallel, when one of the actuators failed (electrically 
or mechanically) it was removed from the group so that the remaining samples could continue 
testing. The very low frequency of one Hertz was selected in order to include any low frequency 
component of fatigue or creep which might affect the operation or lifetime of the actuators. This 
was done, knowing that the highest mechanical displacements are achieved in these bending 
actuators at the lowest frequencies. 

III. Results and Discussion 

Continuous testing of the actuators was carried out over the period of approximately eight 
months. At a frequency of one Hertz, this amounted to 2. 1 x 10 7 cycles. The results of this test 
are given in Figure 1 for one sample of each of the different types of actuators. It should be 
noted that by driving all of the actuators in parallel with the same power supply (and hence, 
voltage), they were actually being operated at different levels of electric field. These levels are 
indicated on the figure for each of the actuator types as the last value of the identifier legend (in 
kV/cm). Outright failures are indicated by the lightning bolt symbol. 

It should first be noted in Figure 1 that three out of the six actuators failed by either 
mechanical cracking or electrical breakdown - the root cause is not identifiable since a crack can 
often lead to an electrical breakdown and failure (but need not necessarily do so) - while a pure 
electrical breakdown will surely lead to a failure. Secondly, it can be seen that the three actuators 
with the highest displacements were the ones to fail, but all survived >lx 10 7 cycles ; and thirdly, 
two out of three of these actuators were those which were electrically driven the hardest, i.e., at 
30 and 18 kV/cm. It was also apparent from the results that the Cerambow and Rainbows 
showed similar behavior in fatigue and failure. Photographs of the three failures are shown in 
Figure 2. 




Figure 2. Photographs of the Three Failures from Fatigue Testing (from left to right: 3 199C, 
3900R and PLZT 8.2/70/30. 




Of the remaining three actuators that did not fail, the Aura 3900 and PLZT 6/56/44 
fatigue characteristics were considerably better than PLZT 1/53/47 which displayed a behavior of 
continuous degradation throughout the testing period. This behavior is believed to be due, in 
part, to the larger grain size of the 1/53/47 (10 um) compared to that of all of the other materials 
(5-6 um), leading to microcracking. At the end of the test period (2. 1 x 10 7 cycles), these three 
actuators had displacements of 74%, 68% and 20% of their original values, respectively. It is 
noted that the values of 74% and 68% are only slight higher than, but essentially in agreement 
with, the 65% value obtained by Dausch and Wise 2 after 10 7 cycles with a 300 g load. 

IV. Conclusions 

Results from this study indicate that the Rainbow and Cerambow high displacement, 
bending actuators to have definite fatigue and lifetimes depending upon (1) the amount of 
displacement generated, (2) how hard they are driven electrically and (3) the micro structure (grain 
size) of the ceramic material. Minimum lifetimes determined from this study were on the order of 
10 7 cycles at near dc frequencies (1 Hz); however, other work has shown them to withstand 
greater than 5 x 10* cycles at 50 Hz. Obviously, more work needs to be done to fully 
characterize the degradation behavior of these types of actuators. Some contributing factors to 
fatigue which have not been studied but merit consideration are (1) frequency, (2) pulse shape 
(sine, square, etc ), (3) pulse polarity (unipolar or bipolar), (4) temperature, (5) external stress 
generation and (6) internal stress bias dependence. 
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Abstract— A new type of piezoelectric actuator has been 
developed called the Cerambow. Cerambow technology is based 
on a thermal contraction mismatch between two bonded layers 
which results in a stress-biased structure. For this 
investigation, brass substrates were solder-bonded to PLZT 
1/53/47 and 5.5/56/44 disks at an elevated temperature. During 
cooling, stresses are imparted to the ceramic by the metal and a 
domed structure results. The displacements of Cerambows 
were recorded as a function of temperature under both loaded 
and non-loaded conditions. The results showed a fairly 
constant displacement up to approximately 100®C, followed by 
a rapid decrease to the maximum temperature of 160 d C. After 
thermal cycling, the displacements were found to be close to the 
initial displacement values. Prior to and after thermal cycling, 
the mechanical quality factor and the effective coupling 
coefficient of the dome mode for each sample were calculated. 

I. Introduction 

In recent years there has been a considerable amount of 
work done in the area of incorporating piezoelectric 
materials into structures which can produce strains that arc 
greater than the bulk materials. 1,2 One such actuator 
configuration is the newly developed Cerambow (CERAMic 
Biased Oxide Wafer). 

The Cerambow' actuator was developed in the shadow of 
one of the most promising developments in the field of 
strain-amplified actuators known as the Rainbow. In the 
Rainbow, it was found that the unique geometry was a result 
of the reduction of volume in the reduced layer, the unit cell 
volume change at the paraelectric-ferroelectric phase 
transformation, and the thermal expansion coefficient 
mismatch between the reduced and unreduced layers. 3 

The Cerambow was based on the same stress-bending 
technology as the Rainbow, but the temperatures of 
fabrication were much lower, and the bonding mechanism 
was inherently different. The Cerambow' relies solely on the 
thermal expansion mismatch between the substrate and 
ceramic layers to create a domed structure. The stress 
gradients which are present in the ceramic layer after 
cooling enable the Cerambow to produce greater 
displacements at a given voltage than the average unimorph 
bender. In the Rainbow this effect was described as the 
stress-enhanced effect. 4 Preliminary finite element modeling 
results suggest that the Cerambow may also benefit from 
this phenomenon. While the Rainbow is a monomorph 


consisting of piezoelectrically active oxide and inactive 
reduced layers, the Cerambow is a typical unimorph. 

The inactive layer in the Cerambow' structure laterally 
constrains the active layer. When an electric field is applied 
to the device, the contraction in the lateral direction by the 
active layer results in a bending motion which is maximized 
at the dome center. The room temperature properties have 
shown the Cerambow to be a viable strain-enhancing 
technique, but an understanding of the temperature 
dependence of their displacement properties is essential for 
consideration as actuation devices. 

II. Experimental procedures 

A. Sample Preparation 

Conventional mixed oxide techniques were used to 
prepare PLZT 1/53/47 and 5.5/56/44 powders for this 
investigation. Raw materials were batched according to the 
traditional B-site vacancy formula for the PLZT system and 
were mixed for 30 minutes in a ball mill. The mixed powder 
was placed in an alumina crucible and calcined using a ramp 
rate of 5°C/ min. to 925°C for 2 hours. Milling was done for 
one hour at a 1:1 weight ratio of powder to distilled water. 

Slugs were dry pressed and sintered for 4 hours at 1250°C 
in an oxygen atmosphere. The slugs were then cut using a 
diamond saw and lapped to a diameter of 3.175 cm and 
thickness of 0.0432 cm. Silver epoxy electrodes (DuPont 
7095) were applied to each side of the ceramic disk and 
dried at 200°C for 20 minutes and then fired at 550°C for 30 
minutes. A non-electroded ring about 1 mm in width was 
left around the outer radius of one side of the wafer to 
prevent any excess solder from bonding to it during 
Cerambowing. 

B. Cerambow Fabrication 

A brass disk was then cut to the appropriate diameter from 
a sheet of foil having a thickness of 0.0127 cm. Both the 
electroded ceramic and the brass disk were placed in acetone 
and cleaned in a sonicator. The brass disk was placed on a 
piece of sheet metal located on a hot plate preheated to 
approximately 250°C. The brass was allowed to heat up to 
maximum expansion, and 60/40 Sn/Pb solder was uniformly 
applied to it. An electroded PLZT wafer was placed on top 



of the solder with the fully electroded side down. A 
preheated steel weight was used to hold the device together 
while it was removed from the heat. Pressure was applied by 
hand for approximately 20 seconds after removal from the 
hot plate, and then the setup was allowed to cool to room 
temperature. The edge of each Cerambow was sanded to 
remove any excess solder and decrease the chance of 
electrical breakdown during testing. 

C. Measurements 


The density of each sample was determined by the 
immersion method after sintering. All densities of the 
samples used in this experiment were > 95% of the 
theoretical. The grain sizes of the PLZT 1/53/47 and 
5.5/56/44 prepared for this investigation were determined on 
a Ziess optical microscope by the linear intercept method and 
were found to be 7 pm and 3 pm, respectively. The samples 
were poled after Cerambowing at a field approximately twice 
the coercive field, 16 kV/cm for 1/53/47 and 25 kV/cm for 
5.5/56/44, for one minute. 

The equivalent circuit and the effective coupling 
coefficient parameters for the dome mode were obtained 
using a Hewlett-Packard 4194A Impedence / Gain-Phase 
Analyzer. The quality factor, Q m , and the effective 
electromechanical coupling coefficient, k^, were then 
calculated by the following expressions: 
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Where Lj, Q, and R\ were the equivalent inductance, 
resistance, and series capacitance of the equivalent circuit for 
each sample. In Equation 2, f, and f p were the series and 
parallel resonance frequencies of the resonant mode 
respectively. 

All strain measurements were done using a Lucas- 
Schaevitz LVDT (Linear Variable Differential Transformer). 
The dome center of each sample was marked with a scribe to 
ensure greater consistency in the recorded data. Before and 
after temperature cycling, the dome height of each sample 
was recorded. The sample was immersed in mineral oil in a 
metal pan and placed onto an alumina refractory disk on a 
hot plate. Because a negative pressure would develop 
underneath the domed structure of the Cerambow during 
testing, each sample was placed onto three metal strips 
arranged in a triangular pattern. Without the metal spacers, 
the sample would stick to the bottom of the metal pan after 


several applications of the electric field, resulting in no net 
motion. 

The probe used to measure the displacements was built so 
that the part which was encompassed by the LVDT was 
separated from the metal tip by an insulating ceramic layer. 
This configuration allowed the application of the voltage to 
be carried out through the tip of the probe to the sample. A 
voltmeter was used to make sure that 450 volts was applied 
to the sample at each temperature. The temperature was 
varied from 25°C to 160°C and back to 25°C at a rate of 
approximately 0.5 °C/ min. The temperature was recorded by 
a Type K thermocouple placed into the mineral oil directly 
above the sample attached to a voltmeter. Up until 130°C, 
the displacement at 450 volts was recorded every 15°C. 
After that point, the amount of displacement was decreasing 
at a much faster rate and the measurements were taken every 
5°C. Three samples were tested under each condition and 
the data were averaged to construct the appropriate 
diagrams. The experimental setup is shown in Figure 1. 

III. Results and Discussion 

The mechanical quality factor and effective coupling 
coefficient of the Cerambows used in this investigation are 
located in Table 1. The subscripts were meant to indicate 
when the measurements were obtained during the testing 
cycle. The subscripts b, a, and al, signify measurements 
taken before thermal treatment, after thermal treatment, and 
after thermal treatment under a point loading of 200 grams 
respectively. 

The mechanical quality factor under both testing 
conditions showed a slight decrease after thermal cycling. It 
has previously been seen that prolonged exposure to high 
temperatures results in a poor bond between the metal and 
ceramic layers. This may be responsible for the decrease in 
this property that was observed. The samples which were 
tested under point-loaded testing conditions showed a 
slightly less decrease than the non-loaded specimens. This 



Fig. I. Experimental setup used to calculate the bending displacement of 
Cerambow actuators as a function of temperature. 





TABLE l 

Mechanical qualpty factor and effecti ve coupling coefficient for 

CERAMBOW ACTUATORS BEFORE AND AFTER THERMAL CYCLING 



could be due to the fact that the pressure being exerted onto 
the sample aided in maintaining the bond between the 
ceramic and metal layers during thermal cycling. 

The effective coupling coefficient of Cerambows showed 
an increase after thermal cycling under loaded conditions. 
This may be related to the fact that the dome height was seen 
to decrease by 20 - 30 % after testing in these samples. It 
has been seen in Rainbow ceramics that samples with more 
curvature exhibit smaller effective coupling coefficients. 
The geometry change of the Cerambows during testing could 
have led to the change in this property of the device. 

Figure 2 shows a plot of the displacement as a function of 
temperature under non-loaded conditions. As the 
temperature was increased, the displacement gradually 
increased until 100-1 15°C. After this temperature range, the 
displacement began to decrease at an accelerated rate until 
the maximum temperature was reached. The same behavior 
was observed upon cooling the samples back to room 
temperature. 

The compositions used in this investigation were known to 
possess piezoelectric properties similar to those of PZT-5. A 
plot of the change of the d 3 i coefficient versus temperature 
was reported by Berlincourt ct. al. 5 This diagram showed 
that a rise in temperature is accompanied by an increase in 
the d 3 j coefficient for PZT-5A. It was assumed that the 
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Fig. 2. Displacement as a function of temperature for Cerambow actuators 
under non-loaded conditions. 


PLZT materials used had the same variation of their d 3i 
coefficients with temperature. The increase in this material 
property directly influences the performance of Cerambows 
because, as stated previously, the lateral contraction 
perpendicular to the direction of the applied electric field is 
responsible for the bending motion in these actuators. This 
factor was considered to be the major contributor to the 
increase in displacement up to temperatures of 
approximately 115°C. 

Above 115°C, the d 3 i coefficient does not increase as 
quickly and other factors begin to dominate the behavior of 
the samples. The most obvious reason for the decrease in the 
displacement at high temperatures may have been the fact 
that the solder bonding layer was rapidly softening. As this 
softening occurred, the metal and the ceramic layers were 
able to move relative to each other as opposed to with each 
other. When the voltage was applied, the deformation of the 
piezoelectric layer was not entirely transferred to the bending 
motion because of the overly ductile bonding layer, leading 
to a decrease in the achieved displacement. Furthermore, as 
the temperature was continually increased, the bonding layer 
became more ductile, transferring even less of the 
piezoelectric strains into bending. 

Figure 3 shows a diagram of the temperature-dependent 
displacement of Cerambow actuators bearing a point load of 
200 grams at the dome center. These curves show a similar 
response to the temperature variation as in Figure 2. In 
these curves the displacement decrease is much more 
drastic, and the maximum displacement was found to lie at a 
lower temperature, — 85°C. It was believed that the force of 
the point loading created nonuniform stress conditions 
within the ceramic layer which may have led to the more 
rapid decrease in displacement at a lower temperature. In 
addition, the amount of shear stress at the interface may have 
been increased by the application of the point loading. This 
shear stress may have also played a role in the behavior 
observed under these testing conditions. 
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Fig. 3. Displacement as a [unction of temperature for Cerambow actuators 
under a 200 gram point loading. 








V. Summary 


The temperature dependent displacement capabilities of 
Cerambovv actuators were studied under both loaded and 
non-loaded conditions. Under both testing conditions, the 
displacements were found to be fairly temperature 
independent up to temperatures of approximately 100°C. 
Past this temperature range, there was a sharp decrease in 
the observed displacement up to the maximum temperature 
of 160°C. The softening of the bonding layer was considered 
to be responsible for this behavior. In addition, temperature 
cycling of Cerambow actuators did not seem to decrease their 
room temperature displacement capabilities. The mechanical 
quality factor was found to decrease more readily in samples 
that were tested under non-loaded conditions. This was 
believed to be due to a lack of pressure that was used to 
fabricate the original structure. The effective coupling 
coefficient of the dome mode was seen to increase in the 
loaded samples to a greater extent, and was attributed to a 
change in the dome curvature after testing. 
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A new type of high-displacement actuator called Rainbow (Reduced And INtemally Biased Oxide Wafer) 
was recently developed, and it shows promising characteristics in a variety of potential a PP l * * * '"“®“ 
fabrication and properties of Rainbow actuators from PSZT anti ferroelectric ceramics with compositions 
near the antiferrLlectric-ferroelectric (AFE-FE) phase boundary were investigated. It was found that the 
chemical reduction reaction proceeded much more rapidly in PSZT Uian in PI £J ^*”‘"“3 ^Urae 

conditions for the processing of PSZT Rainbows were deteim.ned to ^ for 2 ^ houn _Large 

axial displacements ranging from 102 to 273 p.m were obtained from the PSZT ^ aln ^ S ^P“ by 
application of electric fields greater than the AFE-to-FE phase switching levels. The characteristics of 
thT field-induced displacements of the Rainbow samples were dependent "'“T" ° f 

mechanical load on the samples. A. room temperature, the antiferroelectric PSZT Ra>nbows exh,b,ted a 
concave curvature with respect to the oxide side, which was attributed to the cubic-to-antiferroelectnc 
phase ^ransiUon* in die oxide^ayer during cooling. The dielectric and AFE-FE phase transition properties 
of the Rainbow samples were compared with those of the normal ceramics. 


Keywords : Antiferroelectric ceramic, actuator, chemical reduction, ferroelastic domain, 
internal stress. 


1 . INTRODUCTION 

During the past several years actuators based on ferroelectric ceramic materials have 
received numerous investigations and undergone remarkable advances. Ceramic ac- 
tuators offer many advantages including quick response, high induced stress low 
energy consumption and low cost which make them very attractive for a num er o 
newer applications. When exposed to an external clcclric field, a ferroelectric ceramic 
will change its dimensions through ferroelectric domain reorientation and the intrin- 
sic piezoelectric effect. If the ceramic is in the antiferroelectric state, strains will be 
developed when the antiferroelectric state is switched to the ferroelectric state under 
a sufficiently high applied electric field. Since the unit cell of the antifcrroelectnc 
state is generally much smaller than that of the ferroelectric state, a significant change 
in volume occurs during the antiferroclcctric-fcrroclcctnc transition. The field-in- 
duced dimensional changes in ferroelectric materials provide a useful mechanism for 

actuation application. . , 

The electric field-induced strains from ferroelectric ceramics are relatively sma 

although the induced stress can be substantial. They arc only a few tenths of one 
percent for most of the compositional systems. This disadvantage cons.dcrably limits 
their use on advanced applications such as active structures, linear motors, cavity 
pumps and noise-cancelling devices that require a relatively large physical displac - 
ment. To achieve a higher displacement from the ceramics, a number of strain mag- 
nification mechanisms have been employed. Examples include the traditional un 
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morph and bimorph bonders, 2 and the more recent “moonie” structure. 3 A bender 
is able to transform a small transverse strain of the ceramic into a large displacement 
in the longitudinal direction, while a “moorne" composite utilizes both the trans- 
verse and longitudinal strains in producing a larger axial displacement. Generally, a 
significant trade-off exists between induced displacement and stress for these struc- 
tures. That is, an increase of induced displacement is achieved at the expense of 
lowering generated stress significantly. There is, therefore, a need for mechanisms 
that can provide large displacements while still sustaining reasonable load or stress. 
This criterion has been met, to great extent, by a new type of stress-biased, oxide- 
reduced composite ceramic wafer which was recently developed. 4 * Designated as 
Rainbow (Reduced And INtemally Biased Oxide Wafer), the ceramic wafer is ob- 
tained via chemical reduction of one major surface of a high lead-containing ferro- 
electric wafer, such as PLZT, by placing the wafer on a flat carbon block and heat 
treating it at an elevated temperature. As the partially reduced ceramic wafer is 
cooled to room temperature, a dome-shaped (sometimes saddle-shaped), internally 
stressed oxide (unreduced)-reduced layer structure is formed. Very high axial dis- 
placement is obtainable from an clectroded Rainbow sample by application of an 
electric field across the ceramic oxide layer. Also, due to the unique dome structure, 
a Rainbow can sustain a stress higher than normal. Rainbow ceramics have shown 
promising characteristics for a variety of potential applications 4 ' 6 

It has been found that the Pb(Sn,Zr,Ti)Oj (PSZT) ceramics with compositions in 
the vicinity of the FE-AFE phase boundary exhibit very high field-induced strains 
resulting from the transition from the APE to the FE state. 7 '* A longitudinal strain 
of 1.1% (the highest ever reported in the literature for ferroelectric ceramics) was 
claimed in the PSZT system in a study by Shebanov et a/.* Furthermore, the strain 
characteristics of these ceramics can be modified through selection of appropriate 
compositions. 9 For example, a PSZT ceramic may have a shape-memory effect sim- 
ilar to some alloys or digital-like strain characteristics depending on the location of 
its composition in the phase diagram. Ceramics with specific compositions in the 
AFE phase region near the AFE-FE phase boundary arc easily switched to the fer- 
roelectric state by application of an electric field and remain ferroelectric upon re- 
moval of the field. As a result, a shape-memory effect is achieved. The AFE com- 
positions distant from the phase boundary exhibit well-defined AFE characteristics 
with the digital-like strain characteristics under applied electric fields. A number of 
possible applications have been proposed to utilize the strain properties of the PSZT 
ceramics 9-11 

The objective of this work was to combine the high induced strains of PSZT 
ceramics with the Rainbow technology to produce high-displacement actuators. In 
this paper, the fabrication and properties of PSZT anti ferroelectric Rainbow actuators 
with compositions in the vicinity of the FE-AFE phase boundary are described. 


2. SAMPLE PREPARATION 

Bulk PSZT ceramics used for the fabrication of the Rainbow samples were prepared 

according to the formula Pb 0 97 La 0 02 (Zr,Sn r Ti.)O J . The samples studied are desig- 

nated as PSZT X/Y/Z or Rainbow X/Y/Z in the following discussion, where the X, 
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TABLE I 

Diameter and oxide/reduced thickness ratio of PSZT 
Rainbow samples 


Rainbow 

Sample 

Diameter 

(cm) 

Oxide/Rcduccd 

(|im) 

66/23/ 11 HP 

2.72 

302/135 

64/26/10HP 

2.72 

294/135 

64/26/ 1 OS 

2.16 

378/140 

66/23/1 IS 

2.16 

271/190 

66/24/1 OS 

2.72 

334/165 

62/28/1 OS 

2.16 

195/165 


IfP-hot-pressed; S -sintered. 


Y and Z are the molar percentage of Zr, Sn and Ti ions in the B site of the perovskite 
structure, respectively. The letters, HP or S, are also added to the Rainbow desig- 
nation to indicate that the sample is made from hot-pressed or sintered ceramics. For 
example, Rainbow 64/26/ 1 OS represents a Rainbow made from a sintered PSZT 64/ 
26/10 (Zr/Sn/Ti) wafer. A number of compositions near the AFE-FE phase boundary 
which were reported to have the highest field-induced strains were selected. Reagent 
grade PbO, Zr0 2l Ti0 2l Sn0 2 and Laj0 2 were used as the starting materials. Weighed 
components were mixed in distilled water for 30 minutes and dried at 105°C over- 
night. The dried powders were calcined at 925°C for 2 hours, and then milled for 8 
hours in trichloroethylene using a polyethylene jar and Zr0 2 balls. Bulk ceramics 
were obtained either by sintering sample pellets at 1280-1320°C for 4 hours or by 
hot pressing the pctlcts at 1200°C for 6 hours at 14 MPa in an oxygen atmosphere. 
The sintered ceramic slugs were cut and lapped into wafers of various diameters and 
thicknesses. 

In the fabrication of Rainbow samples, a PSZT wafer was chemically reduced on 
one of the major surfaces by placing the wafer on a graphite block and introducing 
the assembly into a preheated furnace. A zirconia disk was placed on top of the 
PSZT wafer to prevent possible thermal shock during processing. After the reduction, 
the wafer together with the graphite block was removed from the furnace and cooled 
down in air to room temperature. Epoxy silver electrodes cured at 200°C were used 
for determination of the Rainbow’s electrical properties. The dimensions of the Rain- 
bow samples arc shown in Table I. Samples with two different diameters of 2.16 
and 2.72 cm were studied. 


3. MEASUREMENTS 

The crystalline phases of reduced PSZT ceramics were examined with an X-ray 
diffractometer (Scintag XDS 2000™) using Cu Ka radiation at a scan rate of 2 
degrees per minute. The thicknesses of the reduced layer of the Rainbows were 
measured from the sample cross-sections by means of an optical microscope. Room 
temperature dielectric properties of the samples were determined at 1 kHz on an 
LCR meter (LEADER, 7450-01). Conventional dc hysteresis loop equipment was 
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FIGURE 1 Schematic of apparatus for displacement measurement (not to scale). 

employed to measure the relationship between polarization and electric field. Electric 
fields greater than the AFE-to-FE phase transition levels were applied gradually to 
the samples. 

A measuring setup with an LVDT (Linear Variable Differential Transformer, 050 
DC-E Lucas Schaeritz Co.), as seen in Figure 1, was used to determine the change 
of the field-induced displacement with electric field and the change of the dome 
height of a Rainbow with temperature. A Rainbow sample with electrodes on its 
major surfaces was placed on a metal ring in a small container. The ring supported 
only the edge of the sample so that the center part of the Rainbow could move up 
and down without touching the bottom of the container. The container was filled 
with silicon oil for insulating and temperature control purposes. The movable core 
of the LVDT was adjusted to contact the center of the Rainbow sample. 

Mechanical loading on the Rainbow samples was accomplished by placing weights 
on top of the LVDT movable core. The variations of polarization and axial displace- 
ment with electric field were measured simultaneously as the samples were loaded. 


4. RESULTS AND DISCUSSION 

4.1. Chemical Reduction of PSZT Ceramics 

Temperature is an important factor in controlling the reduction process during fab- 
rication of Rainbow samples. For PLZT ferroelectric ceramics (the most frequently 
used Rainbow materials), the optimal reduction temperature was around 975°C, It 
was found that the reduction reaction was considerably more rapid in PSZT than in 
PLZT ceramics. A significantly thicker reduced layer in a PSZT than in a PLZT 
ceramic was produced when they were reduced at the same temperature for a given 
time. Figure 2(a) shows the reduced layer thickness of a PSZT Rainbow as a function 
of reduction temperature for a time of one hour. The thickness of the reduced layer 
began to increase rapidly at about 875°C, and tended to saturate at higher tempera- 
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Reduction Temperature (°C ) Reduction Time (min) 

FIGURE 2 Variations of reduced layer thickness with (a) reduction temperature and (b) reduction lime 
for PSZT Rainbow 64/26/tOHP. 

tures. An approximately 650 pm thick reduced layer was created in the PSZT sample 
at 975°C, as compared to the 150 pm thick reduced layer in a typical PLZT Rainbow 
obtained under identical conditions. Further manifestation of the rapid reaction in 
PSZT ceramics is the enhanced rcoxidation of the reduced layers observed at elevated 
temperatures. For example, a reduced layer 200 pm thick was completely reoxidized 
almost instantaneously when exposed to air at a temperature used for the reduction. 
The reasons for the severe reactions occurring in PSZT ceramics have not been fully 
determined, but they seem to be related to the multivalent nature of the Sn. 

Reduction time is another important factor that influences the reduction process. 
Figure 2(b) shows the change of the reduced layer thickness with time at a constant 
temperature of 850°C for hot-pressed PSZT 64/26/10. A nearly linear relationship 
was observed. 

Although the reduction reaction is very rapid in PSZT ceramics, the reduction of 
the PSZT phase, unlike that of PLZT, was found to be incomplete. Figure 3(a) shows 
the X-ray diffraction pattern from a PSZT sample reduced at 975°C. Even at this 
high temperature a significant amount of the original PSZT phase remained in ad- 
dition to the oxide phases such as PbO (massicot), Zr0 2 , ZrTiO*. and Sn0 2 which 
resulted from the reduction process. At 975°C, the rapid reaction led to precipitation 
of a large amount of lead phase on the sample surface. With the additional loss of 
lead phase due to rcoxidation during cooling, metallic lead was nearly absent from 
the reduced region. The diffraction pattern in Figure 3(a) was obtained after removal 
of the lead particles from the surface, and hence the diffraction peaks of the lead 
phase were not observed. Figure 3(b) shows the X-ray diffraction pattern from a 
sample reduced at a relatively low temperature of 850°C. At this temperature, only 
metallic lead and the original PSZT phases are evident, and the lead phase was 
uniformly distributed within the reduced layer. 

As mentioned above, at a high temperature such as 975°C, the rapid reaction in 
PSZT ceramics leads to the loss of a large portion of lead phase from the reduced 
region. As a result, the reduced region has poor electrical conductivity or even be- 
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FIGURE 3 X-ray diffraction patterns of PSZT 6*1/26/10 ceramics reduced at (a) 975°C and (b) 850°C. 

comes an insulator. This is detrimental to the performance of Rainbow actuators 
since the reduced layer must be electrically conductive in order for a Rainbow to 
operate properly. To prevent the heavy loss of the lead phase from occurring, lower 
reduction temperatures must be used. However, a very low temperature implies im- 
practical and long reduction times. It was found that the useful temperature range 
for the production or PSZT Rainbows is actually very narrow, approximately 850 ± 
30°C. The optimal conditions for producing Rainbow samples from PSZT ceramics 
were determined to be 850°C for 2—3 hours. 


4.2. Properties of PSZT Antiferroelectric Rainbows 

Figure 4 shows the polarization (P)-clectric field (E) hysteresis loop of Rainbow 64/ 
26/10HP. The hysteresis loop of a normal (non-Rainbow) sample is also given in 
the figure for comparison. Significant differences between the two loops are seen. 
First, a finite net polarization A p, indicating a partially poled ferroelectric state of 
the sample, was found to exist in the virgin state of the Rainbow sample. This 
phenomenon, which was also observed in ferroelectric PLZT Rainbows, is believed 
to be associated with the nonuniform internal stress in Rainbows. Second, the AFE- 
to-FE phase switching in the Rainbow occurred at a much lower field level and was 
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(a) Rainbow 


(b) Normal Ceramic 



^“ ti0n - £,eCtriC field hysteresis lo °P s of Rainbow 64/26/10HP and normal (non-Rain- 
bow) PSZT 64/26/10 ceramic. 


(a) Rainbow (b) Normal Ceramic 



5 Polarizationclcctric field hysteresis loops of Rainbow 66/24/ 1 OS and nonnal PSZT 66/ 

24/10. 

less abrupt compared to the nonnal sample. Since the composition of PSZT 64/26/ 
10 is located near the AFE-FE phase boundary, an intermediate P-E hysteresis loop 
characteristic of the two phases, namely a double hysteresis loop with an appreciable 
remanent polarization, was observed. 

The hysteresis loops of Rainbow 66/24/10S and the corresponding normal sample 
are shown in Figure 5. Because the composition is well inside the AFE phase region, 
a typical double hysteresis loop with no remanent polarization is seen for the normal 
sample. The marginal remanent polarization observed in the Rainbow was probably 
caused by the internal stress, which will be discussed later. 

Figure 6 shows the variation of axial displacement with electric field for Rainbows 
64/26/10HP and 66/24/10S. A displacement as large as 273 pm was obtained from 
Rainbow 64/26/1 OHP accompanying the AFE-FE phase switching. The remanent 
displacement at zero field was attributable to the remanent polarization as shown in 
Figure 4(a). Rainbow 66/24/10S also exhibited a large axial displacement resulting 
from the phase switching, but little remanent displacement was found to exist. The 
step-like displacement-field relationship of Rainbow 66/24/10S was similar to the 
field-induced strain curve of the normal sample as indicated in Figure 7. 
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FIGURE 6 Change of axial displacement with electric field for (a) Rainbow 64/26/10HP and (b) Rain- 
bow 66/24/1 OS. 



FIGURE 7 Change of transverse strain of PSZT 66/24/10 ceramic with electric field. 

The axial displacement- and polarization-clcctric field relationships of Rainbow 
66/23/1 1HP arc given in Figure 8. Of the anti ferroelectric samples studied, this sam- 
ple is closest to the FE phase region. As can be seen in the figure, Rainbow 66/23/ 

1 1 HP is antifcrroelectric in the virgin state, but stabilized into the ferroelectric state 
after being switched by the applied electric field. A large displacement, approxi- 
mately 145 pm, was produced during the initial AFE-to-FE phase switching. The 
reorientation of ferroelectric domains after the initial phase transition led to a but- 
terfly-like loop of typical ferroelectrics and moderate changes in the displacement. 

Tables II and III summarize the properties obtained from the PSZT Rainbows and 
normal ceramics, respectively. The Rainbow samples, in general, possessed a lower 
dielectric constant and a higher loss factor than the normal samples. The phase 
switching fields, E ^ and E FA , of the Rainbow samples were lower than those of the 
normal ceramics, varying with composition. The saturated polarization, however, was 
similar in the Rainbows and the normal samples. The total field-induced axial dis- 
placement of the Rainbows due to the phase transitions varied from sample to sample 
and was in the range of 102 to 273 pm depending on the geometry as well as the 
material properties of both the oxide and reduced layers. The largest displacement 
was found in Rainbow 64/26/10HP, which is equivalent to a strain of 0.63 relative 
to the total thickness of the sample. This is over 200 times larger than the longitudinal 
strain of the corresponding normal ceramic. 
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FIGURE 8 Variations of axial displacement and polarization with electric field for Rainbow 66/23/ 
1 1HP. 


TABLE II 


Properties of PSZT Rainbow samples 


Rainbow 

Dielectric 

tan 6 

Eaf/Efa 

Ps or Pr 

>M 

Sm 

Sample 

Constant 

(%) 

(kV/cm) 

(nC/cm 1 ) 

(jim) 

<%> 

66/23/1 1 HP 

796 

2.2 

7.5 (Ec) 

35 

195* 

45 

64/26/ 10HP 

730 

3.4 

19.5/-4.0 

33 

273 

63 

64/26/ 1 OS 

821 

3.9 

16.5/-3.0 

30 

187 

37 

66/23/1 IS 

734 

3.1 

7.0 (Ec) 

31 

102* 

22 

66/24/1 OS 

626 

5.4 

28.5/10.0 

31 

208 

42 

62/28/1 OS 

826 

2.3 

27.5/6.5 

31 

110 

31 


The effects of axial mechanical loading on the field-induced displacement and 
P-E hysteresis loops of Rainbow 66/24/10S arc shown in Figures 9 and 10 for loads 
applied to the surfaces of the oxide and reduced layers, respectively. The maximum 
displacement from each displacement-electric field loop was determined, and plotted 
against loading in Figure 1 1. Clearly, the displacement characteristics of the Rainbow 
arc dependent on the manner in which load is applied. There is only a slight change 
in the displacement up to 570 grams when load was placed on the oxide layer. The 
displacement with load on the reduced layer, however, decreased continuously with 
increasing loading. In both cases, it was found that loading has no significant influ- 
ence on the polarization-electric field hysteresis loop. It is obvious that a PSZT 
Rainbow is more advantageous when operated with loading on the oxide side. 

The different characteristics under the two loading conditions just discussed may 
be accounted for by the behavior of ferroelastic domains under stress. Ferroelastic 
domains tend to be in line with the directions in which stress is effectively relieved. 
When load is applied vertically to the oxide layer surface of a Rainbow, ferroelastic 
domains are preferably aligned parallel to the surface due to the compressive stress 
in the planar directions produced by the loading. This occurs because the lattice 
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TABLE III 

Properties of PSZT normal (non-Rainbow) ceramics 



Eaf “ Antiferroelectric to ferroelectric switching field. 

E fa - Ferroelectric to antiferroelectric switching field. 

Ps - Saturated polarization. 

P R - Remanent polarization. 

Ec - Coercive field. 

y M - Maximum axial displacement with an applied electric field of 1.2 xEaf 
S M - Maximum axial displacement <>m) divided by Rainbow thickness. 

$2,s ~ Transverse field-induced strain. 

Si s - Longitudinal field-induced strain. 

* obtained from initial phase switching. 


(a) (b) 



20 kV/cm 20 kV/cm 


FIGURE 9 Influence of axial mechanical loading on (a) field-induced axial displacement and (b) hys- 
teresis loop of Rainbow 66/24/10S for loads on the oxide layer. 

constant of the c-axis (antipolar direction) is smaller than that of the a-axts for the 
PSZT antiferroelectric phase.' Similarly, when load is placed on the reduced layer, 
fcrroelastic domains tend to be oriented vertical to the surface as a result of planar 
tensile stress. These situations arc schematically depicted in Figure 12. Since the 
axial displacement of a Rainbow is dictated by the field-induced transverse strain in 
the oxide layer, a larger transverse strain should represent a larger axial displacement. 
Due to the different states of preferential domain alignment under the two loading 
conditions, different transverse strains occur under an identical applied electric field. 
As is shown in Figure 12, a sample with load applied to the oxide layer will exhibit 
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(a) 


(b) 




FIGURE 10 Influence of axial mechanical loading on (a) field-induced axial displacement and (b) 
hysteresis loop of Rainbow 66/24/1 OS for loads on the reduced layer. 



FIGURE 1 1 Variation of maximum axial displacement with loading for Rainbow 66/24/1 OS. • for load 
on oxide layer and ■ for load on reduced layer. 


a larger ficld-induccd displacement than one with load applied to the reduced ‘ > . 
It should be pointed out that the geometrical stiffness (e.g., the reduced/unreduced 
layer thickncs^ ratio and the ratio of the total thickness to diameter), dome curvature 
and initial interna, stress of a Rainbow also have influences on 

displacement versus loading. The combined effects of the geometrical st ffness ^ u ' 
vaturc and domain alignment lead to the variations of the displacements indicated 
in Figure 1 1 . Because fcrroelastic domains are not polar, the domain alignment under 
stress will not affect the P-E hysteresis loop, which is in good agreement with th 
experimental observations. 
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In tension Small dimensional 

change 


oxide layer prior to the application of mechanical loading and electric field, respecti y. 


43 Curvature and Internal Stress of PSZT Rainbows 

At room temperature, a typical Rainbow possesses a dome-shaped 
an internal stress field as a result of the dimensional mismatch between the o»de 
and reduced layers produced during processing. Note that the internal stress i re 
to the stress inside a free Rainbow and is distinguished from the stresses created by 
l^mg as described earlier. Many of the characteristics of Rainbows have been 
found to be closely related to this dome structure and interna stress The j 
contributions to the dimensional mismatch arc considered to include: (1) *e differ 
cnee in thermal expansion coefficient between the oxide and reduced layers (2) the 
dimensional change of the reduced layer due to oxygen (and possibly lead) loss and 
(3) the dimensional change of the oxide layer resulting from phase transUions^Gen- 
erally Rainbow samples made of ferroelectric ceramics have a concave curvature 
witlnrespcct to the reduced side, which is defined as positive curvature. It was found 
that all the PSZT Rainbows prepared in this study exhibited a negative curva ur , 

S e the reduced side is convex. Negative curvature implies that the ox.de layer of a 
virgin Rainbow is predominantly, or completely, in tension depending on the reduced/ 
unreduced layer ratio. If the composition of a PSZT Rainbow is close to . he AFE^ 
FE phase boundary, the internal tensile stress is sufficient to induce a change from 
Z amifttLeJc K, fcrroc.ec.ric phase. The net Ha™, ton obsc^cd .n vtrgrn 
Rainbow 64/16/IOHP and the redaction of ihc AFE-FE switching f.elds in the PSZT 
Rainbows with respect lo normal ceramics arc probably the consequences of 

tC The results in Figure 13 are presen, cd io show rha. ihe negarive curvature in .he 
PSZT Rainbows is atlribulable lo the cubic-lo-AFE phase transtlton. Specifics jy. lhe 
cuAature' with .he concave ottide layer ts caused by ihe fac. .ha, .he reducon ,n 
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FIGURE 13 Changes of the dome height with temperature for Rainbow 66/23/1 1 HP. 

the dimensions of the oxide layer at the cubic-to-AFE phase transition exceeds the 
dimensional reduction of the reduced layer during cooling of a sample to room 
temperature. The dome height shown in Figure 13 is defined as the axial height of 
a Rainbow with respect to the unreduced wafer. Positive dome height corresponds 
to positive curvature. The curvature of Rainbow 66/23/1 lHP f which is anti ferroelec- 
tric, was seen to change from negative to positive when the Rainbow was switched 
from the virgin antiferroelectric to ferroelectric state by an applied electric field. As 
the temperature was increased, the positive curvature changed back to a negative 
value at the FE-to-AFE phase transition Tfe-ar*- The curvature remained negative 
within the AFE phase range and became positive again near the Curie point. The 
reduction of temperature brought the sample back to the original antiferroelectric 
state and thus a negative curvature, as is indicated in Figure 13. Alt these clearly 
show that the antiferroelectric state is responsible for the negative curvature of PSZT 
Rainbows. 


5. CONCLUSION 

The fabrication and properties of PSZT antiferroelectric Rainbow actuators have been 
investigated. The reduction reaction in PSZT ceramics proceeds much more rapidly 
than in PLZT ceramics. The optimal reduction conditions for the fabrication of PSZT 
Rainbows are 850°C for 2-3 hours. The anti ferroelectric-ferroelectric phase transi- 
tions occur at a lower field strength in Rainbows as compared to normal ceramics. 
Large axial displacements in a range of 102 to 273 p.m were obtained from the 
Rainbow samples by application of electric fields exceeding the phase switching 
levels. The field-induced displacements of the PSZT Rainbows are dependent on the 
manner of applying load to the samples. When load is placed on the oxide layer, 
there is only a slight change in the displacements for loads up to 570 grams. The 
displacement with load on the reduced layer, however, decreases markedly with 
increasing load. This behavior can be explained by the preferential alignment of 
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ferroelastic domains under stress. Antiferroelectric PSZT Rainbows generally have 
negative curvature at room temperature due mainly to the paraelectnc to antiferro- 
electric phase transition in the oxide layer during cooling. The changes of material 
properties of PSZT Rainbows with respect to normal ceramics are associated wit 
the internal stress resulting from processing. 
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Rainbow actuators and sensors: a new smart technology 
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ABSTRACT 

Recent developments in the technology of ferroelectric, piezoelectric, electrostrictive and antiferroelectric ceramic 
actuators have clearly demonstrated that the materials required for future applications such as positioners, levelers, pumps, 
vibration-free structures and variable-focus elements will need to be more sophisticated (multifunctional and smart), more 
economical and possess a higher degree of performance than presently available. One recently developed method for 
producing considerably higher-than-normal displacement in these materials is known as the RAINBOW (Reduced and 
ENtemally Biased Oxide Wafer) technology. This acronym denotes the basic active structure of the Rainbow device which 
is produced by a special high temperature chemical reduction process. In its most basic sense, a Rainbow can be considered 
to be a pre-stressed, monolithic, axial-mode bender; however, because of its unique dome or saddle-shaped configuration, it 
is able to produce much higher displacements (up to several mm depending on size) and sustain moderate loads (up to 10 
kg depending on thickness) than normal benders such as unimorphs and bimorphs. The technology of producing and 
characterizing such Rainbows as well as methods for increasing their utility by means of stacked actuators for increased 
linear displacement and matrix arrays for enhanced coverage in wide-area applications such as smart skins, autoleveling 
structures and deformable coatings are described. 

Keywords: ferroelectrics, piezoelectrics, electrostrictors, actuators, sensors, Rainbow devices, PL2T, smart structures, 

actuator arrays, pre-stressed structures 


1. INTRODUCTION 

The recently renewed, worldwide interest in ferroelectric, piezoelectric, electrostrictive and antiferroelectric 
ceramics by a number of commercial, industrial and government agencies has been brought about as a result of their unique 
combination of properties (dielectric, electromechanical, photomechanical, electxooptic, memory, etc.) which make them 
nearly ideal candidates for a variety of actuating and/or sensing applications where small size, low weight, low or high 
force, small displacement and variable sensitivities are required. Such applications include automobile and home utility 
improvements, industrial automation, systems for national security, aircraft control and maneuverability, data processing, 
entertainment, communications and space exploration. Furthermore, since they are capable of the combined functions of 
actuating, sensing and controlling in response to an external environment or condition, they belong to that special class of 
multifunctional ceramics known as “smart” materials. 1 

In spite of their many obvious advantages in these applications, such ceramics are still limited in their ability to 
deliver high energy or power; e.g., a ceramic linear actuator being able to simultaneously generate high displacement and 
high force under static or quasi-static conditions is still beyond the scope of present ceramic technologies . In general, 
such actuators can generate significant force (>10 3 N) with very little movement (on the order of microns), or they can 
deliver millimeters of displacement via strain-amplifying techniques with little or no force; but not both at the same time. 
The first of these is typified by the monolithic or multilayer, direct extensional actuator while the second is typical of a 
bimoiph (two opposed active ceramic elements) or unimoiph (one ceramic element with inactive metal substrate) actuator. 
Deliverable energy' densities per unit mass for the PZT and PMN-based, direct extensional actuators were reported by 
Giurgiutiu and co-workers 2 to range from 0.2 to 1 J/kg at an overall average electrical-to-mechanical conversion efficiency 
of 20%. 


An assessment of the present-day ceramic actuator technologies for ceramic materials is given in Figure 1. As seen 
from the figure, direct extensional configurations, composite flextensional structures and bending-mode devices are all used 
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Figure 1 . A comparison of ceramic actuator technologies. 


to achieve an electromechanical output. Trade-offs between stress generating/load-bearing capability and strain 
(displacement) must usually be made when designing for particular applications. Maximum displacement can be seen to 
be achieved with composite or bender structures; however, this is usually accomplished at the expense of less load-bearing 
capability. A more recently dev eloped strain-amplifying method for piezoelectric and electrostrictive ceramic materials is 
known as the RAINBOW (Reduced And Internally Biased Oxide Wafer) technolog}'. A complete reference listing for the 
Rainbow technology is given in references 3 through 17. The properties of the Rainbow are such that it is classified as a 
pre-stressed, bender actuator which expands the load-bearing capability of the conventional benders while at the same time 
maintaining or increasing their mechanical displacement characteristics. Key features of the Rainbows are their simplicity, 
ease of processing, flexibility and surface mountable configuration. Rainbow actuators have been successfully fabricated 
from all of the common high-lead containing ferroelectric, piezoelectric, electrostrictive and antiferroelectric compositions 
such as PZT, PLZT, PSZT, PBZT, PNZT, PBiZT, PZT-5A, PZT-5H, PZT-4 and PMN-PT. 91114 

The purpose of this paper is to describe the Rainbow technology in terms of materials, processing, properties and 
applications. Methods for increasing their utility via cascading arrangements for increased displacement and matrix arrays 
for wide-area coverage are also described. 

2. RAINBOW MATERIALS AND PROCESSING 


2.1 Rainbow materials 

Although a number of different compositions have been successfully prepared as Rainbows, those most compatible 
to the specific processes used and most amenable to achieving the desired properties are in the PLZT solid solution family. 
Typical high displacement, ferroelectric compositions are 1/53/47 (La/Zr/Ti) and 5.5/56/44 for low and high dielectric 
constant applications, respectively; whereas, the usual compositions for the electrostnctive-type applications are 9/65/35 or 
8.4/70/30. These specific compositions are pointed out in the PLZT phase diagram given in Figure 2. As may be noted, 
the ferroelectric materials are morphotropic phase boundary compositions, and the non-memoiy, electrostrictive materials 
are compositionally located along the ferroelectric-to-paraelectric phase boundary. 
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2.2 Rainbow processing 

The Rainbow technology fundamentally consists of a new processing method that is applied to s tandar d, high lead- 
containing ferroelectric, piezoelectric and electrostrictive ceramic wafers which are transformed by the process into a 





Figure 2. Room temperature phase diagram of the PLZT solid-solution system along with the PZT 

system vs. temperature. The specific compositions (8.4/70/30, 9/65/35, 5.5/56/44, 1/53/47) 
are indicated by the bold black circles, left to right, respectively. 

monolithic, composite structure consisting of a stressed dielectric and a chemically reduced, electrically conductive layer 
which acts as the stressing element as one of the electrodes for the final device. Since all of the materials are ferroelectric 
or electrically-enforced ferroelectric materials, they are multifunctional and smart, by nature, and are thus capable of 
performing both actuator and sensor functions, simultaneously. 

The high temperature chemical reduction process involves the local reduction of one surface of a planar ceramic 
plate, thereby achieving an anisotropic, stress-biased, dome or saddle-shaped wafer with significant internal tensile and 
compressive stresses which act to increase the overall strength of the material and also provide its unusually high 
displacement characteristics. According to previously reported work, the chemical reduction process proceeds via simple 
reactions consisting of the oxidation of the solid carbon (graphite) block to carbon monoxide and further oxidation of the 
carbon monoxide gas to carbon dioxide with the associated loss of oxygen from the PLZT oxide in contact or in near contact 
with the graphite block. 5 Figure 3 shows cross sections of the dome curvature and a fracture surface which are typical of 
the Rainbow ceramics. 




(a) (b) 

Figure 3. Cross-sectional views of PLZT 5.5/56/44 Rainbow wafer illustrating (a) dome profile and 
(b) fracture surface of reduced layer (bottom portion) and unreduced PLZT (top portion). 

Rainbow ceramics are produced from conventionally sintered or hot pressed ceramic wafers by means of a few 
simple steps requiring approximately two hours of additional time. A Rainbow is produced from an as-received wafer by 
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pl^Hng it on a flat graphite block, placing a protective zirconia plate of the same size on top of the wafer and introducing 
the assembly into a furnace held at temperature in a normal air atmosphere. The part is treated at a temperature of 975 C 
for one hour removed from the furnace while hot and cooled naturally to room temperature in about 45 minutes.- A 
reduced, cermet layer approximately 150 urn thick, is produced in the wafer under these treatment conditions, When cool, 
the dome or saddle-shaped wafer is lifted from the graphite block; brushed and sanded lightly on the reduced (concave) side 
to remove any metallic lead particles and to expose the electrically conductive, reduced cermet beneath the thin, reoxidized 
layer and then electroded for test and evaluation. A variety of electrodes can be used such as epoxy silver, fired-on silver 
and vacuum-deposited metals. After applying appropriate electrodes, the Rainbow is completed and ready for operation. It 
should be noted that although Rainbows are processed in bulk wafer form, after heat treatment they may be diced or 
scribed into smaller elements (~ 1 mm 2 ) for a pick-and-place operation onto a smart hybrid circuit This technique is 
possible since each individually diced element possesses a smaller but similar dome structure with a radius of curvature 
identical to the larger wafer. Even though the displacements of the smaller individual elements are proportionately less 
than the parent wafer, they nevertheless, are large enough (5 - 50 microns) to be useful in some devices as actuators and 

sounders or as sensors. Some typical examples of sizes and shapes of Rainbows are shown in Figure 4. 



Figure 4. Typical examples of sizes and shapes of Rainbow elements 


2.3 Rainbow operation 


In regard to operation, a Rainbow is similar to a device known in the industry as a unimorph bender. A unimoiph 
is composed of a single piezoelectric element externally bonded to a flexible metal foil which is stimulated into action by the 
piezoelectric element when activated with a ac or dc voltage and results in an axial buckling or displacement as it opposes 
the movement of the piezoelectric element. However, unlike the unimorph, the Rainbow is a monolithic structure with 
internal compressive stress bias on the piezoelectric element, thus producing the dome structure, rendering it more rugged 
and able to sustain heavier loads that normal. The integral electrode (usually the bottom electrode) consists of metallic lead 
intimately dispersed throughout the semiconductive, porous oxide layer. The change in shape of the wafer after reduction is 
believed to be due to (1) the reduction in volume of the bottom reduced layer (largely metallic lead) compared to the 
unreduced material as a result of the loss of oxygen from the lattice, (2) the differential thermal contraction between the 
reduced and unreduced layers on cooling to room temperature and (3) any change in volume which may occur on cooling 
through the Curie point as the material undergoes a phase transformation from a smaller, non-polar, cubic unit cell to a 

larger, polar, ferroelectric unit cell. 


Like other piezoelectric devices, Rainbows may be operated with a dc, pulse dc, or ac voltage; however, when 
driven with ac, the largest displacements are usually achieved at 100 Hz or less. In operation, the dome height of the 
Rainbow varies as a function of the magnitude and polarity of the voltage. When a given polarity of voltage is applied, th 
dome decreases in height depending on the magnitude of the voltage, and alternatively, when the polarity is versed, the 
t2 SS nTEge aSal mouon of the dome is largely due to emuribuioos from (1) a lateral eoufracuon pr oduee d 
m^mwr^viatlie^iu coefficient and (2) a sfress-direced domaia smmhingp^^ to ^sm^e^a 
c-axis domains lying in the plane of the wafer as a result of the tensile stress are induced by the electric fidd to ^htoa 
poTrion normal (£>> the Jlane. It should be remembered that the 1 W domains that reorient in the electric field do not 
cause a change in shape for the Rainbow. A model of this effect is illustrated m Figure . 
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Figure 5. A model of the changes talcing place during operation of a Rainbow wafer, depicting various stages of 
domain alignment and reorientation in a Rainbow actuator: (A) as processed and electroded, (B) first 
application of voltage causing domain reorientation, (C) complete application of voltage producing near 
complete domain alignment and flattening of the wafer, (D) the asymmetrical hysteresis loop obtained 
on the first application of voltage indicating partial, stress-induced (ferroelastic) poling and (E) the 
asymmetrical strain loop obtained on first application of voltage. 


3. PROPERTIES 


3.1 Dielectric properties 

The temperature dependent dielectric behavior for two PLZT compositions; i.e., 1/53/47 and 9/65/35, are shown in 
Figure 6. It can be seen from the figure that a gradual rise occurs in the relative dielectric constant (1 kHz) of 1/53/47 



Temperature (*C) 


Figure 6. Temperature dependent dielectric properties of PLZT Rainbow wafers. 

from a room temperature value of approximately 1 100 to about 2700 at 200°C. No peak is observed in this range for this 
composition because its Curie point is 330°C. On the other hand, composition 9/65/35 shows a change in dielectric 
constant from 3200 to 5700 over this same temperature range with a peak occurring at 105°C, which is its usual Curie point 
as determined from small signal measurements. Since this composition is an electrostrictive, relaxor-type material, this 
Curie point does not coincide with its loss in polarization which occurs at about 20°C; thus, makin g it one of the most 
sensitive, high displacement, electrostrictive Rainbow materials. It may be noted that the dielectric constants for both 
compositions and also the dissipation factor for 1/53/47 are comparable to previously reported values, and this indicates that 
the Rainbow reduction process does not substantially change the dielectric properties of the unreduced part of the structure. 
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3.2 Hysteresis loops 


Typical examples of dc hysteresis loops for compositions 1/53/47 and 9/65/35 are given in Figure 7. The loop in 
Figure 7(A) was taken on the ferroelectric Rainbow element (1/53/47) in its virgin condition before any other measurements 



Figure 7. Hysteresis loops (P vs. E) and electromechanical displacement loops (D vs. E) for PLZT Rainbows 
1/53/47 (A and C) and 9/65/35 (B and D), respectively. 


were mate It should be noted that on the initial application of positive voltage to +450V there was approximately 60% of 
the total remanent polarization switched rather than the usual 50% one ordinarily observes in a virgin, randomly oriented 
ceramic.. This behavior is highly unusual and indicates that the Rainbow ceramic was partially poled before testing. 
Additional audio and piezoelectric tests of other virgin parts also indicated that the elements were partially poled to varying 
degrees; i.e., some very little and others as high as 75%. 

One explanation for this condition occurring in the electrically virgin state is that the mechanical compressive and tensile 
stresses produced in the Rainbow wafer during processing are acting together to switch some of the domains in this soft 
ferroelectric/ferroelastic material. Since uniform stress is a symmetrical quantity, it is recognized that it alone is 
incnffiripnt to produce a net polarization in a given direction even though it may be of sufficient magnitude to switch 
domains; however, a stress gradient such as produced by the Rainbow bending process is a vector quantity and can, indeed, 
produce the observed effect. This non-uniform stress is believed to be responsible for the partial poling of the Rainbow 
wafers. Measured properties on the above 1/53/47 wafer were: Pr = 44.8 uC/cm 2 , Ec = 7.5 kV/cm, dielectric constant = 
1210 and dissipation factor = 0.047. 

The virgin loop of Figure 7(B) is a typical one for the electrostrictive (9/65/35) type of Rainbow materials and is very 
cimilar to that obtained on bulk electrooptic material. Measured properties on this wafer were: Pi<*v/an = 28.3 uC/cm 2 , 
dielectric constant = 3 142 and dissipation factor = 0.085. As a matter of course, no unsymmetrical hysteresis loops were 
observed in the electrostrictive materials, and none was expected, since there are no stable domains in these materials at 
zero electric field. Conceivably, a high enough stress could precipitate stable domains in a very near-ferroelectric material, 
however, this was not experimentally confirmed 


3.3 Electromechanical displacement loops 

Displacement vs. electric field (butterfly) loops for the Rainbow wafers described above are also shown in Figure7. 
Figure 7(C) illustrates the Rainbow axial motion as the sample is electrically switched from zero to +450V, to -450V and 
back to zero, however, in this case this loop was not taken on the virgin wafer. It may be noted that this loop is remarkably 
cimilar to that observed when measuring the direct extensional (longitudinal, lateral) displacements via the piezoelectric d 33 
or d 3 i coefficients. The value of displacement in the + voltage direction was measured at 190.5 um, and the total amount 
of displacement (+/-) was 432 um. 

Figure 7(D) shows the displacement loop of the electrostrictive Rainbow material (9/65/35) mentioned above. 
Since 9/65/35 is a relaxor material there should be little or no memory, and the same value and sign of displacement 
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should be obtained whether a + or a - voltage is applied. One can see by switching this sample through a full voltage loop 
that a small amount of remanent displacement (strain) is present which is probably due to the close proximity of this 
composition to a FE phase. A further indication of this incipient FE phase is the higher than normal value of Pi 0 (Pio *= 
28.3 vs. a more normal 18.0 uC/cm 2 ) as given above. Measured value of total displacement for this wafer was 178 urn. 

3.4 Voltage dependent displacement characteristics 

The displacement characteristics as a function of applied voltage are given in Figure 8 for some selected 
compositions. One of the most striking features of this figure is the very high displacements achieved by these Rainbow 



Figure 8. Axial dislacement characteristics of Rainbow PLZT compositions as a function of voltage. 

ceramics at moderate electric fields, e.g., 400 volts is equivalent to an electric field of 10 kV/cm. Composition 9/65/35 is 
noted to possess the highest displacement of 210 urn at a maximum voltage of 600 volts, however, its displacement is 
characteristically non-linear because of its electrostrictive nature. Compositions 1/53/47 and 5.5/56/44 are ferroelectric 
materials, and thus, are more linear in behavior. As a general rule, the displacements of the ferroelectric materials are 
lower than those of the electrostrictive compositions, particularly when operated at higher voltages and one polarity; 
however under bipolar operation, the displacement values of the ferroelectric materials will commonly be double the values 
shown in the figure. 

Figure 9 illustrates the unusually large range of displacements obtained for Rainbows as a function of thickness, 



Figure 9. Displacement characteristics of Rainbow PLZT 1/53/47 as a function of wafer thickness. 
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where is plotted against the log of displacement. Wafer thickness has been found to have a significant effect upon 

a vial djsp iarpmgnt p rimari ly because of the change in motional mode; i.e., from dome (spherical) to saddle (cylindrical) 
flexing, as the wafer thickness is reduced to approximately one-hundredth of the diameter. For example, a 31.75 mm (1.25 
inch) diaiact g wafer usually develops a saddle-mode configuration when its thickness is less than 0.32 mm (0.013 inch). 
Saddle-mode operation provides maximum displacement with minimum load bearing capability (<100 grams); and 
therefore, should only be considered for special applications. It can also be seen from the figure that there is a thickness- 
dependent mivpri mode region separating the other two modes. Replotting the data (in the dome-mode region) as 
di cpio/v.rtw.nt vs. 1/thickness 2 reveals a near linear relationship and demonstrates that the displacement is inversely 
proportional to the square of the wafer thickness as shown in Figure 10. 



Figure 10. Replot of data from the dome-mode region of Figure 9 for Rainbow 1/53/47 

The dependence of the axial displacement of a Rainbow wafer on its diameter is shown in Figure 1 1 where 
^ic pigrAmjMit is plotted a gains t the wafer diameter squared. As can be seen, an excellent linear relationship is obtained. 



Wafer Diameter* (mm) 1 


Figure 11. Axial displacement of Rainbow PLZT 1/53/47 as a function of the wafer diameter squared. 

Thus, the data from both Figures 10 and 11 confirm that a Rainbow behaves very much like a normal bending actuator 
according to the equation: 18 
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or, in general. 


y = 3/2 * d 3 i * d 2 /t 2 * V 
y = m * d 2 /t 2 * V 





where y is the axial displacement, d 31 is the lateral piezoelectric coefficient, m is a constant (1 x 10"* um/V), d is the wafer 
diameter, t is the wafer thickness and V is the applied voltage. Maximum displacement is accor dingl y ob tained with larger 
diameter and thinner wafers. A m a ximum displacement of 3mm at an operating voltage of 450 V has been obtained, to 

date, with a single Rainbow wafer having a diameter of 100 mm and a thickness of 0.375 mm. 

The effect of an unconstrained axial point load on the displacement of an activated Rainbow is given in Figure 12 for 



Figure 12. Concentrated (point) load-bearing characteristics of Rainbow PLZT Compositions 

compositions 1/53/47 and 9/65/35. PLZT 1/53/47 can be seen to be relatively ineffective when loaded with a dead weight of 
1.5 kg (3.3 lbs), whereas, composition 9/65/35 is still effective at a load of over 3 kg. This result is not too surprising since 
the elastic modulus of 9/65/35 (10.9 xlO MPa) is noticeably higher than that of 1/53/47 (7.8 x 10 4 MPa). Another point to 
note from the figure is the increase in displacement with the introduction of a finite amount of load on the device. This 
effect was previously reported by Furman, et al.,* and is believed to be due to the lowering of the ctiffa^cc 0 f the ceramic 
when the ferroelectric phase is field enforced. This decrease in elastic modulus with field leads to an flat tening of 

the wafer under load; however, when the field is removed, the material become stiffer again and the original height 
(curvature) of the wafer is restored. This phase transformation effect leads to a increased range of displacement up to an 
amount of loading which can be readily accommodated by the wafer without the electric field. As a function of frequency, 
9/65/35 is also superior to 1/53/47 in that its displacement is relatively constant from 0. 1 Hz to several hundred Hertz. 

Another concern of actuator designers is the amount of force that can be generated by an actuator when voltage is 
applied. This is shown in Figure 13 for a 1/53/47 Rainbow of standard size. As can be seen, the force generated is a linear 



Figure 13. Effect of applied voltage on the force generated by a PLZT 1/53/47 Rainbow wafer. 
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function of voltage until the onset of saturation for this particular configuration. A maximum force of 1.3 kgf was achieved 
at 450 volts. 


3.5 Rainbow stacks and arrays 

Previous work on high displacment Rainbow actuators has shown that they possess the capability to be configured 
into lin<»-ar stacks for higher displacement devices or into larger area arrays for actuator/sensor functional components. The 
etariring arrangement consisted of linearly cascading several Rainbow elements together in multiple groups of two in a 
Hamchpil arrangement and then bonding these clamshells together into a single unit. Sending/receiving arrays, on the 
other hand were individually placed side-by-side (sandwiched between to thin layers of ductile metal foil and bonded 
together with conductive Ag epoxy) in order to maximize their area while min i m i z i n g their thickness. Thus, stacks 
consisted of Rainbows arranged mechanically in series and electrically in parallel while arrays were Rainbows arranged 
both mechanicall y and electrically in parallel. Individually addressed elements in some of the arrays were achieved by 
employing a matrix scheme wherein separate bottom electrodes made up the rows and separate top electrodes were the 
columns. Operation of a single Rainbow was then obtained by applying voltage between a row and column electrode. 
Typical examples of stacks and arrays are shown in Figure 14. 



Figure 14. Examples of (A) Rainbow stacks and a Rainbow array showing (B) the individual Rainbow elements before 
applying the top metal foil and (C) completed smart skin array 1.25 mm thick. 


The characteristics of the PLZT Rainbow stacks were evaluated as a function of wafer thickness, wafer diameter, 
point load-bearing capability and unipolar or bipolar voltage displacement. These data are given in Figure 15. First it can 
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Figure 15. Displacement characteristics of various types of eight-unit Rainbow clamshell actuators. Type legend: 

” " composition/wafer thickness in inches/wafer diameter in inches/point load in grams/bipolar (yr) or unipolar (y) 
voltage displacement. 

be seen that bipolar operation always achieves higher displacement by at the expense of higher non-linearity; secondly, in 
unipolar operation the 8.5/65/35 material achieved higher displacements and could sustain higher loads than the 1/53/47 
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material; however, in bipolar operation the 1/53/47 was superior in terms of displacement, and thirdly, small compact 
actuators, 12.7 mm dia. x 24 mm long, were capable of achieving moderate displacements (308 urn) under modest loads of 
1 kg. or less. In general, total displacements were found to scale linearly with the number of indi\idual Rainbow elements. 
In regard to the arrays, several different Rainbow arrays consisting of up to 42 Rainbow elements were evaluated 

4.0 APPLICATIONS 

A number of examples of applications are given in this section in order to demonstrate the versatility of the Rainbow 
technology. These working models are essentially discrete, proof-of-principle devices which require further engineering, 
design, miniaturization and modifications in order for them to be suitable for hybrid microelectronics or integrated 
structures. A number of advantages and features of the Rainbows are: (1) simplicity, (2) solid-state, (3) monolithic, (4) 
pre-stressed for greater strength and durability, (5) can sustain or generate moderate loads, (6) surface mountable, (7) very 
high axial displacement, (8) above-the-plane displacement, (9) no bonding layers, (10) temperature compensation possible, 
(11) can be stacked to multiply displacement and (12) can be fabricated into large area arrays. 



Figure 16. Examples of working model devices using Rainbow ceramics as actuators 

The Rainbow devices shown in Figure 16 are typical examples of a number of applications envisioned for this 
technology. As can be seen, they range from actuators to speakers, and remote handlers to pumps. A more extensive list 
of applications include (1) linear actuators, (2) cavity/piston pumps, (3) loud speakers, (4) reciprocating motors, (5) 
relays/switches/thermostats, (6) sensors, (7) hydrophones/hydroprojectors, (8) variable-focus mirrors/lenses, (9) optical 
deflectors/scanners, (10) vibrating delivery systems, (11) liquid delivery systems, (12) antivibration/noise-cancelling 
devices, (13) sonic and ultrasonic devices and (14) auto-leveling platforms. 
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5. CONCLUSIONS 


The prospects for utilizing Rainbows in discrete hybrid and integrated microelectronics are promising for future 
applications involving smart ceramics such as ferroelectrics, piezoelectrics, electrostrictive and antiferroelectric materials. 
Rainbows have opened up a new dimension in high displacement actuators. The key to adapting these materials to specific 
devices and applications is the manner in which answers are found to questions concerning their reproducibility, reliability, 
longevity and cost effectiveness. Further development and design work are obviously needed in order to answer these 
questions. 
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Abstract — Soft, high lead-containing, ferroelectric ceramic 
materials such as PLZT are known to be highly vulnerable to 
the effects of mechanical stress at room and elevated 
temperatures as a consequence of their ferroelastic and 
pyroplastic natures which are usually manifested in some form 
of nonlinear behavior within the material. Examples of such 
behavior include (1) hydrostatic and shock-wave stimulated 
structural phase transformations as in stress-induced depoling 
of explosive-to-electrical (EET) transducers, (2) mechanically 
stimulated domain reorientation as in shape memory effects 
and Rainbow devices, (3) mechanically stimulated electrooptic 
effects as in ferroelectric picture (Ferpic) devices and 
Rainbows, (4) mechanically stimulated strength effects and (5) 
thermo-mechanically stimulated dimensional changes as in 
high temperature creep. The improved utility or increased 
sensitivity of these materials as a result of stress-enhancing 
techniques is described. 

I. Introduction 

Ferroelectrics have long been known to be highly 
susceptible to the state of stress existing within the material, 
regardless of whether that stress is internally or externally 
generated This is especially true for the soft (easily 
electrically switchable) and super-soft PLZT ceramics which 
commonly possess reduced Curie temperatures of less than 
200°C. In such materials, their intrinsic polarization, 
strain and properties related to domain reorientation are 
significantly affected by the magnitude, the type and the 
direction of the stress. Indeed, in many cases, it is this great 
sensitivity to stress which makes these compositions useful 
and advantageous in piezoelectric applications such as 
microphones, sensors and accelerometers; while on the other 
hand, this same stress vulnerability is undesirable for sonar, 
ultrasonic actuators and ignitors. Thus, one can easily 
come to the conclusion that it is important and very 
knecessary to have a working knowledge of the stress 
sensitivity of these materials. 

Stress sensitivity arises in ferroelectric (polarization vs. 
electric field) materials because of the piezoelectric coupling 
between polarization and strain. When this strain (and 
coupled polarization) can be switched by application of a 
mechanical stress and there are two or more stable 
orientational states in the absence of the stress, then a 
material possessing this characteristic is referred to as a 
ferroelastic (strain vs. mechanical stress) one [1]. It is this 
highly sensitive ferroelastic property of the soft ferroelectrics 
which causes them to be susceptible to all manners of stress. 


The effects of stress on piezoelectrics and ferroelectrics 
have been amply reported in the literature, dating from at 
least five decades ago [2-9]. From this body of work it has 
been shown that both steady state and transient stress, 
whether piezoelectrically self-generated or externally 
generated, can (1) significantly affect properties such as 
dielectric constant, loss tangent, piezoelectric coefficients, 
Curie point, elastic modulus and mechanical strength, (2) 
influence switching behavior, domain reorientation and 
poling, (3) induce phase changes which lead to substantially 
altered properties, (4) drastically alter stress-optic and 
optical birefringent characteristics and (5) change the 
geometric dimensions of a material by means of high- 
temperature creep. In many of the cases, these effects are 
harmful to the performance of the material and the device; 
however, when prudently designed and properly directed, 
stress can be used to one’s advantage such as in the cases of 
explosive-to-electrical (EET) transducers and high- 
displacement Rainbow actuators. 

The object of this paper is to review selected examples of 
the effect of stress on the soft ferroelectric ceramics with 
special emphasis on the PLZT materials. The specific cases 
were chosen to describe the positive effects of stress on the 
enhancement of properties and performance. 

n. STRESS-INDUCED EFFECTS 
A. Stress-Induced Polarization Depoling 

Studies on the stress-induced depoling of piezoelectric and 
ferroelectric ceramics were initiated in the mid-1950s at 
Clevite Corporation, the company which patented and 
trademarked the original lead zirconate-lead titanate (PZT) 
compositions (e.g., PZT-4, PZT- 5, PZT-8) that are so 
familiar to those working in the field of ferroelectric 
ceramics! 10]. In this work, Berlincourt and co-workers first 
investigated the effects of uniaxial compressive stress on 
PZT; and later in 1958, they reported on the depoling 
behavior of a soft, niobia-doped PZT (52/48 Zr/Ti ratio) in 
response to hydrostatic pressure such as a material might 
experience in an under water transducer. It was found that 
these morphotropic phase boundary (MPB) materials release 
their polarization rather gradually over a pressure range 
from near zero to greater than 70 MPa and that most of the 
lost polarization was unrecoverable. 

Further studies showed that PZT ferroelectric compositions 



located near the FE-AFE phase boundary (PSZT 66/27/7 
Zr/Sn/Ti is typical of this type) were more desirable because 
they released their stored charge more suddenly, and in some 
cases, at substantially lower pressures. This pressure 
depoling effect was found to be a result of a pressure- 
enforced phase transformation from the polar FE state to the 
nonpolar AFE state. A typical example of such behavior is 
shown in Fig. 1 where hydrostatic depoling is compared 
with uniaxial stress depoling [11]. PLZT compositions 
located along the FE-AFE boundary also exhibit this same 
behavior. 
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Fig. 1. Electrical depoling behavior of nobia-doped PSZT 66/27/7 
(Zr/Sn/Ti) for (a) hydrostatic stress, (b) oneKiimensional stress 
(undamped) parallel to polar axis and (c) one-dimensional strain (clamped) 
parallel to polar axis. [11] 

When this depoling is accomplished in a transient mode 
via explosive shock waves or projectile impact, useful 
electrical pulses of a few hundred kilowatts lasting for 
several microseconds may be obtained [12]. These one-shot, 
explosive-to-electrical (EET) power supplies have found a 
number of uses in primarily military applications. 

B. Stress-Induced Domain Reorientation 

One manifestation of stress-induced domain reorientation 
in ferroelectric ceramics is known as the shape memory 
effect; i.e. the recovery of a plastically deformed element to 
its original shape by heating. This effect was discovered by 
Schmidt and Boczek [13] in PLZT ceramics in 1978 during 
an investigation of PLZT 8/65/35 (La/Zr/Ti) and was further 
studied by Kimura, Newnham and Cross [ 14] while working 
with PLZT 6.5/65/35. 

The effect is easily demonstrated by mechanically bending 
a PLZT bar at room temperature or at some elevated 
“characteristic” temperature below the Curie point. After 
bending the bar, and cooling to room temperature, it will 
retain its new shape (i.e., possesses memory) indefinitely. 
However, when the bar is heated above this characteristic 
temperature, it will return to its original shape. Remarkably 
high bending angles, larger than 10°, and strains as high as 
0.25% have been reported for this reversible effect [13, 15]. 
Examples of PLZT bars bent at room temperature are given 


in Fig. 2. 



Fig 2. Two PLZT 7/65/35 ceramic bars which were bent at room temperature. 

This effect can be explained in terms of domain 
reorientation wherein the applied mechanical stress within 
the material is minimized by the accommodation of the 
strain relieving 71° and 109° rhombohedral domains. These 
domains disappear along with the spontaneous polarization 
when the material is heated above the Curie temperature; 
and thus, the material reverts back to its original condition. 
Consequently, it can be seen that the domain reorientation 
process makes the material more mechanically compliant up 
to a point where all of the strain relieving domains are 
reoriented, and beyond that point, the material becomes 
mechanically stiffer and, once again, acts like a brittle solid. 
Of course, above the Curie temperature, the material does 
not display any of these effects. 

Another example of stress-induced domain reorientation is 
exemplified by the RAINBOW (Reduced And Internally 
Biased Oxide Wafer) actuator. This new type of high 
displacement bending actuator consists of a high lead- 
containing ferroelectric material (e.g., PLZT) which is 
chemically reduced on only one surface in order to render 
the resulting reduced layer electrically conductive and to 
impart an overall stress gradient to the wafer. The high 
compressive radial stress (150 - 200 Mpa) developed in the 
wafer as a result of differential thermal contraction between 
the reduced and unreduced layers, as well as any volume 
change on cool down through the Curie temperature, 
produces a pronounced spherical (dome) or cylindrical 
(saddle) curvature to the wafer thereby allowing it to achieve 
very high displacement when electrically activated 

Studies have shown that, in addition to the normal d 3J 
contribution, the reason for the unusually high displacement 
resides in the fact that (1) the high stresses (compressive in 
the interior and tensile on the surface) produce domain 
reorientation and (2) the high stress gradient produces 
partial poling of the wafer by means of polarization 
alignment. This is illustrated schematically in Figure 3 by 
showing the changing curvature of the wafer as the domains 
reorient under the influence of stress and electric field. The 
changing curvature then leads to the axial displacement 
which is maximized at the center of the wafer. 



Fig 3. Various stages of domain alignment and reorientation in a Rainbow 
actuator, depicting conditions: (A) as processed and electroded, (B) first 
application of voltage and (C) complete application of voltage. 

During operation, a ferroelectric Rainbow actuator such as 
PLZT 1/53/47 achieves the very high displacement by 
constantly reorienting the lateral, strain-producing domains 
as the voltage is switched In the case of an electrostrictive 
Rainbow actuator, this same effect is involved as the 
domains change from micro to macro dimensions. 

C. Stress-Induced Electrooptic Effects 

One of the most innovative techniques for utilizing 
stress-induced domain switching in a device is shown in Fig. 
4. This permanently stored image in a polished wafer of 
PLZT 7/65/35 was produced by mechanically bending the 
wafer while simultaneously applying a bias voltage and 



Fig, 4. An example of a stored image with gray-scale capability. The figure 
shows an image stored in the Ferpic and projected onto the focal plane of a 
Polaroid camera. 


exposing an image with polarized light onto a wafer which 
possessed a photoconductive film sandwiched between the 
PLZT and a transparent ITO conductive electrode. Referred 
to as a strain-biased ferroelectric picture (Ferpic) device by 
Maldonado and Meitzler [16], this optically birefringent 
image achieves optical contrast because of the varying 
domain reoriented positions within the material. Erasure of 
the image is brought about by simply flooding the device 
with light as saturation voltage is applied. This reorients all 


all of the domains to the same reset position of saturation in 
the thickness direction. 

The strains produced in the Ferpic device are of the order 
of 3x 10 \ and the internal fields associated with strains of 
this magnitude are estimated to be 90 kV/cm. Internal fields 
of this magnitude are large enough to not only influence, but 
in a real sense, control the domain switching process in the 
ceramic. 

Another example of stress-induced birefringence can be 
demonstrated in the case of a Rainbow actuator. Since the 
electrostrictive Rainbows are generally fabricated from the 
optically transparent relaxor PLZT compositions such as 
9/65/35, it is quite simple to exhibit this behavior by simply 
polishing the two side faces of a rectangular Rainbow bar 
and then placing it under a polariscope consisting of two 
crossed, linear polarizers and a back light. When this is 
done as shown in Fig. 5, one can easily locate the neutral 
stress plane since it appears as a dark line (zero 
birefringence) running parallel to the major surfaces. This 



Fig. 5. A PLZT 9/65/35 Rainbow bar as observed with (A) transmitted, 
unpolarized light and (B) under crossed polarizers. Note in (A) that light is 
not transmitted in the reduced (bottom) part of the bar and in (B) that the 
neutral plane separating compressive and tensile stresses is uniform throu^iout 
the wafer diameter. 


neutral stress plane can be observed to move upward and out 
of view as voltage is applied to the Rainbow and returns to 
its original position when the voltage is removed. In reality, 
the areas appearing white and gray in the above photographs 
are actually birefringent retardation colors ranging from 
yellow to red, blue and green as depicted in Fig. 6. A series 
of color bands are present rather than one uniform color 
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Fig 6. Stress-optic and electrooptic effects observed in Rainbow ceramics 
before and during application of voltage. 









because the stress (and accompanying strain) is non-uniform, 
and a stress gradient always exists in a Rainbow. An 
explanation of what is believed to be occurring in a Rainbow 
before and during operation is shown in Fig. 6. The top row 
of Rainbow cross-sections describes the optical behavior, and 
the bottom row the polarization/domain behavior. The 
alignment of the domains are a direct result of the Rainbow 
stresses. Tension toward the top surface aligns the domains 
(polar axes) parallel to the surface, and compression toward 
the bottom reduced surface align the domains perpendicular 
to the surface. When a voltage is applied during operation, 
the compressively-stressed, perpendicular domains are 
favored to grow at the expense of the tensionally-stressed, 
parallel domains; thus leaving the Rainbow in varying 
degrees of compressive stress which is less than that 
originally present in the virgin Rainbow. Upon removing 
the voltage, the original pre -stressed state is restored. 

D. Stress-Induced Mechanical Properties 

It is well known that the pre-stressing of a material can 
often significantly enhance its mechanical properties and its 
behavior under service conditions. Notable examples of this 
effect include the tempering of glass, reinforced concrete, 
fracture toughening in partially stabilized zirconia (PSZ) and 
increased chemical durability in compressively stressed 
glazes on ceramic bodies. 

A similar effect has also been observed to occur in pre- 
stressed ferroelectrics as exemplified by the Rainbow 
actuators. In these bender-type actuators, it is highly 
desirable to achieve maximum flexibility in the structure 
(hence, thinner structure) while still maintaining the highest 
possible mechanical strength for optimum load-bearing or 
force-generating properties. Typical values of three-point 
bending strength and modulus of elasticity for PLZT 
9.5/65/35 are given in Table I where normal and Rainbow 
ceramics are compared. To be noted here is a 55% increase 
in modulus of rupture accompanied by a 48% decrease in 
modulus of elasticity. Both of these effects are very desirable 
for achieving the highest displacements in bending actuators. 


TABLE I 

Mechanical Properties of PLZT Rainbow Ceramics 


Composition 

Reduction 

Conditions 

Modulus of 
Rupture, MPa 

Modulus of 
Elasticity, MPa 

9.5/65/35 

as Hot Pressed 

87 

10.8 x 10" 

9.5/65/35 

975°C/60 min. 

135 

5.6 


E. Stress-Induced Creep 

In super soft, high lead-containing ceramics with point 


defects such as exist in the PLZTs (Pb +2 and Zr/Ti +4 
vacancies), creep at room temperature and also at higher 
temperatures are issues that need to be addressed. Room 
temperature creep has not, as yet, received any attention, 
and high temperature creep has only been dealt with as a 
means by which it could be used to modify ceramic shapes 
for conformal piezoelectric patches. Some examples of 
creep-molded parts which were heat treated at 1 100°C for 1 
hour are given in Fig. 7. The parts shown in the figure 



Fig. 7. Examples of PLZT 1/53/47 and 9/65/35 creep -molded ceramics. 

possess radii of curvature ranging from 1.25 cm to 12 cm 
with a thickness of approximately 1 mm. 
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Hot-pressed PLZT ceramic wafers were chemically reduced by a special processing technique on one 
of the major surfaces to form oxide-reduced layer composite structures. Devices based on such structures 
have promising characteristics for actuator use. The composition and microstructure of the reduced layer 
from several PLZT ceramics of different compositions as well as the oxide-reduced layer interface were 
examined and analyzed by means of X-ray diffraction (XRD) and scanning electron microscopy (SEM). 
A variety of the oxide phases, such as PbO, ZrO,, ZrTi0 4 and LaTiO,, were revealed in the reduced 
PLZT samples by XRD in addition to the anticipated metallic lead phase. SEM micrographs showed 
that the reduced PLZT ceramics were composed of various fine-grained particles, and the metallic lead 
formed a continuous phase. It was found that the oxide-reduced layer interface region was composed of 
a mixture of unreduced and reduced phases. The thickness of the mixed phase region was primarily 
associated with the grain size of the original unreduced PLZT ceramics. 


Keywords: Ferroelectric ceramic, chemical reduction , microstructure, actuator. 


1. INTRODUCTION 

A new type of ultra-high-displacement, multi-function actuator, named RAINBOW 
(Reduced And INtemally Biased Oxide Wafer), has recently been developed by using 
a special processing method. This technique involves chemical reduction of one of 
the major surfaces of a high lead-containing ferroelectric ceramic wafer by heat 
treating the wafer on a flat carbon block at an elevated temperature, thus producing 
a dome-shaped, oxide-reduced layer composite structure. When an electric field is 
applied across such a composite wafer, large axial displacement is generated. De- 
tailed descriptions of Rainbow ceramics and their potential applications can be found 
in References 1 and 2. Since the electromechanical properties of a Rainbow actuator 
are dependent upon the physical properties such as thermal expansion, elasticity, and 
electrical conductivity of its reduced layer, a thorough investigation of the micro- 
structure of reduced PLZT ceramics is significant for the characterization and appli- 
cation of Rainbow actuators. The PLZT ceramics were chosen for this work because 
they are easily reduced and have excellent electromechanical characteristics. 

The phase components and microstructure of the reduced layer as well as the 
configuration of the oxide-reduced layer interface for several PLZT Rainbow samples 
have been investigated by means of X-ray diffraction technique and scanning electron 
microscopy. 


2. SAMPLE PREPARATION AND EXPERIMENTAL PROCEDURES 

The Rainbow samples used were prepared from PLZT ceramics 1.0/53/47, 5.5/57/43 
and 9.5/65/35, where the numbers denote the atom ratios La/Zr/Ti of the PLZT 
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compositions. Conventional processing techniques combined with hot-pressing were 
employed to produce highly dense PLZT slugs. The ceramic wafers obtained from 
the PLZT slugs were chemically reduced by placing them on a graphite block and 
heat treating them under the conditions of 975°C/60 min (reduction tempera- 
ture/time). 

Fractured, polished, and etched surfaces of the samples were used in both XRD 
and SEM analyses. For X-ray diffraction, the reduced side of the Rainbow samples 
were lapped off approximately 50 p.m and slightly polished to expose the internal 
structures. This procedure was employed because a thin reoxidized layer is often 
formed on reduced surfaces during processing. X-ray diffraction was first performed 
on the polished surfaces. Then, the same surfaces were etched with an HC1/HF 
solution for further study. X-ray diffraction patterns of fractured surfaces were 
obtained from the powders prepared by crushing the completely reduced PLZT 
wafers. 

Cross-sectional surfaces of the Rainbow samples were usually used for the SEM 
analysis in this study. The fractured surfaces were obtained by breaking the Rainbow 
along their diameters. The surfaces were also polished by using progressively finer 
diamond pastes with a finish of 0.25 |xm. The polished surfaces were then etched, 
cleaned, and coated with a carbon or gold film before examination. In some cases, 
the polished surfaces were directly examined under SEM. 

All of the X-ray diffraction experiments were performed on an X-ray diffrac- 
tometer (Scintag XDS 2000™) with Cu Ka radiation at a scan rate of 2 degrees per 
minute. A JOEL scanning electron microscope operating at an accelerating voltage 
of 15 keV was used for the SEM analyses. 


3. EXPERIMENTAL RESULTS 
3. / X-Ray Diffraction Analysis 

Figures 1(a)- 1(c) show the X-ray diffraction patterns from the polished surface of 
the reduced layer of Rainbow samples 1.0/53/47, 5.5/57/43 and 9.5/65/35, respec- 
tively. The Rainbow samples in this work are indicated by their original PLZT com- 
position; for example, Rainbow 10/53/47 represents a sample produced from PLZT 
1.0/53/47 wafer. It was found that in all cases the strongest peaks in the diffraction 
patterns were produced by the metallic lead phase. The remaining weaker peaks 
were caused by a number of oxide phases formed during the reduction process. The 
number and composition of the phases observed in the reduced PLZT ceramics were 
dependent on the unreduced PLZT compositions. As is indicated in the figures, the 
oxide phases identified include PbO (litharge), Zr0 2 , ZrTi0 4 , Ti0 2 , LaTi0 3 and 
Lao.MTiO 2 . 99 j (JCPDS 26-827). 

The X-ray diffraction pattern of the etched reduced surface of Rainbow 5.5/57/43 
is given in Figure 2. It can readily be seen by comparing Figure 2 with Figure 1(b) 
that, upon etching, almost all of the Pb peaks were greatly depressed while those of 
the oxide phases underwent little change. This result suggests that it is primarily the 
Pb phase that was etched away from the surface. 

It should be noted that the intense diffraction peaks of the Pb phase shown in 
Figures 1(a)- 1(c) may partly result from the grinding and polishing treatments on 
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FIGURE l X-ray diffraction patterns from the polished surface of Ihe reduced layer of Rainbows (a) 
1 .0/53/47, (b) 5.5/57/43 and (c) 9.5/65/35. 


1 



( 20 ) 

FIGURE 2 X-ray diffraction pattern from etched reduced surface of Rainbow 5.5/57/43. 
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FIGURE 3 X-ray diffraction pattern of the powder obtained from reduced PLZT 1.0/53/47 sample. 



FIGURE 4 SEM micrograph of fractured cross-sectional surface of Rainbow 1.0/53/47 near the PLZT- 
reduced layer interface. 

the sample surfaces prior to analysis. Since the metal Pb is a very soft material 
relative to the oxide phases, when a reduced sample is ground or polished, the Pb 
phase is deformed and smeared over the surface. Consequently, the relative amount 
of Pb phase on the surface is increased, thereby enhancing the intensity of the Pb 
diffraction peaks. 

For this reason, the X-ray diffraction of fractured surfaces better reflects the actual 
states of the various phases in a sample. Since it is difficult, in practice, to obtain a 
large fracture surface of the reduced layer, the powders from completely reduced 
wafers which contain various small fracture surfaces were used instead. The diffrac- 
tion pattern of such powder for Rainbow 1.0/53/47 is shown in Figure 3. As can be 
seen, the intensity ratios of the major metallic lead peaks to the oxide phase peaks 
are considerably reduced compared to those of the polished surface shown in Figure 
1(a), indicating the presence of smearing in the polished samples. It is, however, 
worth noting that the Pb diffraction peaks from the powder remain the strongest, 
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FIGURE 5 SEM micrograph of the reduced layer of Rainbows (a) 1.0/53/47, (b) 5.5/57/43 and (c) 
9.5/65/35. 


and this is also true for the other PLZT Rainbow samples studied. Figure 3 also 
shows the existence of PbO (massicot) phase which was not observed in Figures 
1(a)- 1(c). 


3.2 SEM Analysis 

Figure 4 shows the SEM micrograph of the fractured cross-sectional surface of Rain- 
bow 1.0/53/47. The upper portion of the micrograph shows the PLZT layer, and the 
lower portion is the reduced layer. These layers are separated by a PLZT-reduced 
layer interface where both the unreduced and reduced phases were found. A micro- 
graph of higher magnification on the reduced region, which is given in Figure 5(a), 



74 


G. LI. E. FURMAN and G. H. HAERTLING 



FIGURE 6 Backscattered electron image of Rainbow 1.0/53/47 near the PLZT-reduced layer interface. 

indicates that the region was composed of various fine-grained particles. A similar 
microstructure was also observed in Rainbows 5.5/57/43 and 9.5/65/35, as is shown 
in Figures 5(b) and 5(c) respectively. The small uniformly distributed particles, about 
0.2 pm in diameter, as can be seen in the figures, were identified to be the Pb grains 
by means of X-ray diffraction coupled with an extraction technique. The micro- 
structure of the reduced layer seems relatively insensitive to the microstructure of 
the original PLZT composition. 

The secondary electron image of a polished surface of the reduced layer is usually 
featureless. It was, however, found that some characteristics of the polished surfaces 
can be revealed via a backscattered electron imaging technique. Figure 6 is a back- 
scattered electron image of Rainbow 1.0/53/47 near the PLZT-reduced layer inter- 
face. Again the lower portion is the reduced layer. The darkest areas seen in Figure 
6 arc most likely the thoroughly reduced regions. This is because the reduction 
process leads to a relatively loose structure by decomposing the original dense PLZT 
phase with an accompanying oxygen loss, thereby contributing less to the backscat- 
tered electron signals. From the morphology of the oxide-reduced layer interface it 
can be deduced that the reduction reaction was initiated along the PLZT grain bound- 
aries and then proceeded toward the center of the grains. 

The SEM image of the etched reduced surface of Rainbow 5.5/57/43, whose X- 
ray diffraction pattern has been given in Figure 2, is displayed in Figure 7. The 
grains exposed by etching, which can be seen in Figure 7, are considered to be the 
oxide phases identified in the corresponding X-ray diffraction pattern. The fact that 
the oxide grains appears isolated indicates that the Pb grains, which were mostly 
etched away from the surfaces, form a continuous phase. The continuity of the lead 
phase is further supported by high electrical conductivity of the reduced layers. 


4. DISCUSSION 

The results of the aforementioned X-ray diffraction analyses indicate that a number 
of different phases are produced as a result of the chemical reduction of a PLZT 
ceramic in forming the Rainbow structure. The phases found include the metallic 
lead phase and seven oxide phases: PbO (litharge), PbO (massicot), Zr0 2 , ZrTiO*, 
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FIGURE 7 SEM micrograph of etched reduced layer of Rainbow 5.5/57/43. 

Ti0 2 , LaTiOj and Lao.^TiC^.w The original PLZT phase was not observed in the 
reduced samples. It is noted that while the exact number and composition of the 
phases in a particular reduced PLZT sample depend on the original PLZT compo- 
sition, the phases of Pb, PbO (litharge), ZrCh and ZrTi0 4 are common among the 
samples studied. 

Many investigations of chemical reduction of ferroelectric materials were con- 
cerned with the influence of reduction atmosphere on the electrical and optical prop- 
erties of the materials. 3 " 7 In those studies, defects, generally vacancies, were intro- 
duced into the crystal lattice during chemical reduction, but the framework of the 
crystal structure underwent no substantial changes. Current work dealt with intense 
chemical reduction of high-lead containing ferroelectric ceramics in which the orig- 
inal crystal structure was completely destroyed. In his investigation of PLZT ceram- 
ics reduced by graphite blocks," Haertling showed that the reduction reaction is 
accomplished via the interaction between carbon monoxide and loosely held oxygen 
atoms in the PLZT perovskitc lattice. It is therefore considered that, except for the 
oxygen and slight Pb losses during reduction, the reduced layer should contain the 
same amount of chemical elements as the unreduced PLZT ceramic. In other words, 
the chemical reduction simply decomposes the PLZT crystal structure by attacking 
the lattice oxygen ions and, at the same time, produces new phases by rearranging 
the constituent elements. 

Based on this consideration, the volume fraction of the lead phase in a reduced 
PLZT sample may not be as large as it seems in the X-ray diffraction as, for example, 
shown in Figure 3. This is reasonable since along with the volume fraction of each 
phase many other factors may contribute to the relative peak intensities of the X-ray 
diffraction pattern in a multiphase material. In fact, for the conceivable uses of 
Rainbow actuators, it is not critical whether the Pb phase is dominant or not. The 
main concern is that the Pb phase must be a continuous phase so that the reduced 
layer has good conductivity. The fact that the metallic lead in the reduced layer 
occurs with very fine particles, as was shown in the SEM micrographs, suggests that 
even a small volume fraction of lead phase can render the reduced layer electrically 
conductive. This may explain why the reduced PLZT ceramic exhibits excellent 
conductivity. 

There is a region along the PLZT-reduced layer interface where both PLZT and 
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reduced phases exist. The dimension (normal to the interface) of the region is defined 
as the thickness of the interface in a Rainbow. It was found that the interface thick- 
ness was related to the grain size of the phase before reduction. This is easily un- 
derstood considering that the reduction process is initialized along grain boundaries 
as illustrated in Figure 6. For Rainbow 1 .0/53/47, whose PLZT layer displays a larger 
grain size, the thickness was found to be approximately 20 p.m. Rainbows 5.5/57/43 
and 9.5/65/35 have an interface thickness of about 2 p.m and 5 p-m, respectively. 
The configuration of the PLZT-reduced layer interface is probably important for some 
specific properties of Rainbow actuators such as fatigue and loading capability and 
will be investigated further. 


5. SUMMARY 

A number of different crystalline phases have ben found in the PLZT ceramics 
reduced via the RAINBOW process. The phases found include metallic lead and 
seven oxide phases: PbO (litharge), PbO (massicot), Zr0 2 . ZrTi0 4 , TiOj. LaTiOj and 
LaowTiOiw The original PLZT phase was not observed. While the exact number 
and composition of the phases for a particular reduced sample are dependent on the 
PLZT composition, the phases of Pb, PbO (litharge). Zri> 2 and ZrTi0 4 are commonly 
observed, with the Pb phase producing the strongest X-ray diffraction. 

The reduced PLZT ceramics are composed of various fine-grained particles, and 
the smallest grains, about 0.2 p.m. correspond to the lead phase. This microstructural 
characteristic is relatively insensitive to the PLZT composition. It is shown that the 
metallic Pb grains constitute a continuous phase in the reduced PLZT ceramics, 
which is consistent with the good electrical conductivity of these materials. 

Near the interface between the PLZT and reduced phases of a Rainbow, the two 
phases coexist. The thickness of the interface was found to be associated with the 
grain size of the PLZT phase. The values of the interface thickness for Rainbows 
1.0/57/43, 9.5/65/35 and 5.5/57/43 are approximately 20. 4, and 2 pm, respectively. 
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